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THE RESPONSE OF THE AMPULLAE OF LORENZINI TO 
COMBINED STIMULATION BY TEMPERATURE CHANGE 
AND WEAK DIRECT CURRENTS 


By R. W. MURRAY 


From the Department of Zoology and Comparative Physiology, 
University of Birmingham 


(Received 18 Murch 1958) 


In certain sense organs an increase in frequency of nerve impulses occurs on 
cooling, and a decrease on warming, but no satisfactory general account has 
yet been given of the way in which cooling speeds up the rate of initiation of 
impulses at the nerve endings. The experiments here described are intended +o 
provide more evidence concerning this problem. They involve a comparison 
between one stimulus, temperature change, whose mode of action is unknown, 
and another, electrical polarization by direct currents, whose mode of action 
is known, or can at least be fairly confidently deduced from first principles. 
The comparison is made by applying one stimulus first by itself and then in 
the presence of the other; the way in which the presence of the second stimulus 
affects the response given to the first shows whether the two stimuli operate at 
the nerve endings in like or unlike ways. The direct current used as the stimulus 
is routed to the sense organ through one electrode on the nerve and another on 
the surrounding tissues, and thus directly affects the membrane at the nerve 
endings. Evidence for the course of the current, and earlier references, are 
given by Murray (19562). 

The ampullae of Lorenzini of elasmobranchs are the sense organs under 
consideration; their great sensitivity to temperature change has been known 
for some time (Sand, 1938), and they are generally held to be temperature 
receptors. Recently, however, their possible mechanoreceptive function has 
been suggested (Murray, 1957) and thus in the absence of behavioural experi- 
ments it is not possible to state definitely what function the organs perform in 
the living fish. But the sensitivity to temperature change is so great that it is 
of interest in its own right, and the sensory mechanisms involved are almost 
certainly similar to those of the ‘cold’ receptors in the mammalian tongue 
(Hensel, 1955). During the course of the investigation certain new aspects of | 


the _— to temperature change were observed and are also described. 
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METHODS 


The ampullae of Lorenzini consist of long, jelly-filled tubes which open by small pores through the 
skin and end in the head region in clusters of irregularly shaped swellings (the ampullae themselves) 
at the base of which are the sensory nerve endings. In the rays the ampullae are all located in a 
small number of tough connective-tissue capsules. 

One of the mandibular capsules of Raja clavata was dissected out with as great a length of 
ntact, jelly-filled tubes as possible and with 2-4 cm of nerve. To prevent drying the dissection 
was where necessary performed under fluid drawn from the cavity of the skull in front of the 
brain: about 10 ml. could be obtained from a medium-sized fish. When cleared of connective 
tissue the nerve was draped over a series of chlorided silver wire electrodes in a moist chamber ; 
similar electrodes were placed against the side of the capsule or the tubes. A single active unit 
was obtained by thinning the nerve with scissors between two of the electrodes; further prepara- 
tions could be obtained later by thinning the nerve nearer to the capsule. Some of the prepara- 
tions lasted for longer than 12 hr if not over-stimulated, maintaining a basic discharge all the time. 


Temperature (%) 
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o 
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Fig. 1. Rate of change of temperature in the experimental apparatus. The curves represent the 
temperatures (measured by thermocouple) between the capsule and the thermode diaphragm 
(A) and within the capsule at distances of 1 mm (B) and 2 mm (C) from the diaphragm. The 
temperatures are expressed as percentages of the final change of temperature. The external 
water temperature was changed suddenly at 0 sec. 


Action potentials were recorded from the electrodes on either side of the thinned region of the 
nerve, using @ conventional a.c. amplifier feeding a cathode ray oscillograph, loudspeaker, tape- 
recorder and at times a pulse-interval meter (Andrew & Roberts, 1954) whose output could be 
displayed on a meter or on the second beam of the cathode ray oscillograph. 

The capsule was laid against a diaphragm (of glass or silver foil) in the wall of the moist chamber, 
and two jets of water of different temperature were directed against the outside of this diaphragm ; 
rapid changes of temperature were effected by diverting first one jet, then the other, by inter- 
posing @ movable scoop in their paths. Temperatures in different parts of the preparation were 
measured by miniature thermocouple junctions whose potentials were recorded by a mirror 
galvanometer, or amplified and displayed on the second beam of the cathode ray oscillograph. 
Fig. 1 shows typical rates of change of temperature at different depths in the preparation when 
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the temperature of the water outside was changed suddenly. It can be seen that for about 8 sec 
there was a marked spatial gradient of temperature across the capsule. 

Electrical stimuli were applied to the preparation through an electrode on the outside of the 
capsule and one or other of the electrodes on the nerve. The stimuli were produced by a simple 
circuit containing a battery, a high variable resistance and a change-over switch, or by means of 
the smoothly variable constant-current stimulator described by Lowenstein (1955). When the 
nerve is anodal the direction of current is called ‘ascending’, and when the capsule is anodal, 
‘descending’. 

Analysis of results 

In the main experiments a standard thermal stimulus was applied while maintained direct 
currents held the preparation in an abnormal condition, with the discharge frequency either 
higher or lower than the basic discharge rate. The changes of impulse frequency due to the tem- 
perature change under these conditions have to be compared with each other and there exists no 
- a priors standard for the comparison of an increase in frequency from, say, 5/sec to 15/sec, with an 
increase from 60/sec to 70/sec. To state that these increases are the same is possible only if it is 
known that the behaviour of the sense organ is linear. The standard for comparison which will be 
used here is based on the response { direct-current stimulation alone. This choice is justified by 
the fact that d.c. stimulation produces changes of membrane potential and changes of membrane 
potential are known to be intimately involved in nerve-impulse initiation. There is, therefore, no 
question of the intervention of an intermediate process such as occurs when a generator potential 
mediates between stimulus and impulse initiation. Thus the relationship between impulse fre- 
quency and strength of stimulating current obtained in this type of experiment can be said to 
represent the characteristic behaviour of the organ, in the same way as the characteristic curve 
represents that of a thermionic valve (Groen, Lowenstein & Vendrik, 1952). For instance, a 
certain temperature change is found to result in a certain increase in discharge frequency. The 
characteristic curve shows what d.c. stimulus would be required to produce the same change of 
frequency ; that is, what strength of current may be assumed to be equivalent to the temperature 
change. A d.c. equivalent can be obtained in this way, whatever the range of frequencies the 
experiment involves, even if the response curve is non-linear. 


RESULTS 
The response to thermal stimulation is as described by Sand (1938) and by 
Hensel (1955). Cooling produces a transient increase in the basic firing fre- 
quency, the rate then declining to a constant value which is lower than that 
before the temperature change; corresponding but reverse effects occur on 
warming. The terms ‘unadapted frequency’ and ‘unadapted response’ will be 
used to refer to the period of maximal response which occurs up to 20 sec after 
the change of outside temperature, according to the size and arrangement of 
the individual preparation ; the ‘adapted frequency’ after a temperature change 
is of course the same as the basic discharge frequency at the new steady 
temperature. 
Electrical stimulation 
The effects of electrical stimulation alone will be discussed first. Fig. 2 
shows the result of a typical sequence of current changes. On ‘make’ of an 
ascending current thete is a sudden increase in disgharge frequency, followed 
by @ process of adaptation to a new level of frequency higher than that ob- 
taining before ‘make’; the term ‘time constant of adaptation’ is not approp- 


riate here because the process is not exponential, but the average time for 
| 1-2 
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adaptation to be three-quarters complete is 15 sec at 15° C. Even after several 
minutes some adaptation continues, but very slowly, and so it is not possible 
to give a time for the completion of adaptation. On ‘break’ of the ascending 
current there is an inhibitory after-effect, with a similar time course to that of 
the adaptation. Corresponding but reverse effects are obtained on ‘make’ and 
‘break’ of a descending current. In Fig. 2 the changes of current are sudden; 
when the changes are gradual the immediate changes of frequency are less 
pronounced. The extent of both the post-excitatory and post-inhibitory after- 
effects varies not only with the strength of the stimulating current and the 
suddenness with which it is stopped but also with the duration of current flow. 


Jos 


705 
Desc 


1 
Time (min) 
Fig. 2. Discharge frequencies in response to electrical stimulation alone. Upper graph, current; 
lower graph, frequency. 


The terms ‘ unadapted frequency’ and ‘unadapted response’ will be used to 
refer to the maximal or minimal frequency immediately after a sudden change 
of current, and the terms ‘adapted frequency’ and ‘adapted response’ will 
refer to a time, usually about 30 sec after ‘make’ of current (whether sudden 
or slow), when the discharge frequency has reached a nearly constant level. 
Stimulus—response relationships can be studied by plotting either the un- — 
adapted or the adapted freqtiencies against the current strengths that caused 
them. In the majority of preparations both relationships are approximately 
linear. Exceptions to this linearity occurred at low frequencies, for a sudden 
‘cut-off’ below about 5/sec was common (Figs. 4 D, 5.A) and at high frequencies 
(approx. 80/sec) when the maximal firing frequency was approached. For 
technical reasons such high frequencies could not be recorded in response to 
maintained currents, but maximal frequencies obtained in response to 
sudden electrical stimuli or to combinations of stimuli were consistent with 
this interpretation. Further departures from linearity, affecting the middle 
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of the range, were found in about one quarter of the preparations (Fig. 6); 
this non-linearity occurred in both adapted and unadapted responses. There 
is, however, no sharp and significant distinction between linearly and non- 
linearly responding preparations. 

An asymmetry of response to temperature change is often found; that is to 
say, the immediate change in frequency on changing the temperature from 
t, to t, has not the same magnitude as that found on changing back from t, to 
t,. For instance, the preparation illustrated in Fig. 6 responded to cooling 3-5° C 
by an increase in frequency of 19 impulses/sec from 22 to 41/sec; but when 

, warmed the same amount (after adaptation had taken place) the change in 
frequency was only 4/sec, from 23 to 19/sec. In this preparation the asymmetry 
of the thermal response can be explained in terms of a non-linear charac- 
teristic, but this is not always possible. 

The strength of current required to produce a given effect depends on the 
position of the stimulating electrodes, as also does the height of the recorded 
spikes. Spikes recorded from near the anode are larger than normal, from 
near the cathode, smaller. Both these effects are similar to those described 
by Murray (1956a). 

When the same stimulus was repeated, the changes of frequency resulting 
from it were consistent to within 10° in the majority of preparations, although 
the ensuing resting discharge might vary more than 10% from the pre- 
stimulation value, especially after prolonged electrical stimulation. The slope 
of a response curve was more consistent than its absolute position. 


Combined electrical and thermal stimulation 


The possible interaction of the two types of stimulation was investigated by 
applying a standard thermal stimulus under different conditions of electrical 
polarization. Twenty-seven preparations were tested in this way. In a typical 
experiment (Fig. 3) the standard sequence of temperature changes was a fall 
of 2-5° C followed by a rise of 25° C to the original temperature after 1-2 min 
when the adaptation was effectively complete. When this sequence had been 
_ recorded, an ascending current of 4 «A was applied and time was allowed for 
the-frequency to adapt to its new steady level. The thermal stimulation was 
then repeated; and again also after an increase of current to 6 «A. The whole 
procedure was now repeated with descending currents, but in the case of the 
experiment analysed in Fig. 3 the position of the stimulating electrode had to 
be changed to a point nearer the cut end of the nerve because strong descending 
currents would have made the height of the recorded spike too small. With the 
new electrode position descending currents increased the height of the re- 
corded spike whilst ascending currents reduced it. The strengths of current 
used in the second part of the experiment are therefore not comparable with 
those used in the first half, a different proportion of the total current being 
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routed through the axon of the active unit. Normally the currents applied 
were not strong enough to necessitate such a change of electrode position. The 
frequency following the application of 4 uA descending current (Fig. 3 #) was 
near the cut-off point, and in fact the discharge did not return after warming 
until the current was reduced at the end of the experiment. 


135°C 
411°C 
30 
A: 
B 


20 


1 


2 


Time (min) 


Fig. 3. Discharge frequencies in response to a standard sequence of temperature changes applied 
during the passage of different steady currents. 7', temperature; A, 6 »A ascending; B, 4 uA 
ascending; C, zero current; D, 2 wA descending; #, 4 ~A descending. The position of the 
stimulating electrodes for A and B was different from that for D and HZ so the current 
strengths are not comparable. 


In the two curves (Fig. 3A, B) which represent the results with ascending 
currents, the final frequency is lower than that before the temperature changes 
were made. This is so because slow adaptation to the applied current continued 
during the 2-4 min such a standard temperature sequence occupied. To avoid 
this change in the base line, and to obtain more numerous results, in the majority 
of the experiments the temperature was lowered for 10-20 sec only (Fig. 4). 
This was sufficient for the recording of the maximal frequency after cooling 
but a true minimum in response to warming was not obtained. However, as the 
result of warming in prolonged experiments was often complete inhibition, the 
lowered activity caused by the descending current did not appear on the record, 
so could not be used in analysis either. Fig. 4 shows the record of the whole 
experiment in progress, curve A having been obtained first, and B, C and D in 
succession after it, with progressively increased strengths of descending 
current. 


Experiments like this can also be illustrated differently. In Fig. 5 the lower 
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curve A represents the characteristic curve of adapted frequency under 
electrical polarization plotted against. strength of current, obtained at a steady 
temperature, and the upper curve B represents the maximal or unadapted 
frequency after cooling by 3° C, at zero and at seven other strengths of current. 

The three experiments just described are examples of preparations whose 
response to current was linear, and the results can be analysed in a straight- 
forward way. The combined stimuli result in a change of frequency equal to 
the sum of the changes produced by each stimulus applied separately. The 
temperature change has in general the same effect, in terms of change of 
frequency, whatever the initial frequency. In Fig. 3 the increase in frequency 
on cooling is 4-6 impulses/sec over a range of initial frequencies from 6 to 
26/sec ; similarly in Fig. 4 there is an increase of 15-20/sec for initial frequencies 


— r- pene 
05°C 
50 
40 
| 
E 0 i i i \ 4 
oe 0 10 20 30 
Time (sec) 


Fig. 4. Discharge frequencies in response to a standard sequence of temperature changes applied 
during the passage of descending currents, traced from photographic records of the output of 
the pulse-interval meter. A, zero current; B, 0-4 wA; C, 0-75 pA; D, 1 pA; T,, temperature. 


from 0 to 29/sec, and in Fig. 5, an increase of 6~9/sec from 5 to 23/sec with a 
specially large increase from 0 to 12/sec due to the sudden cut-off when the 
current was 1 «A descending. The increases due to the cooling are not nu- 
merically the same at all current strengths, being slightly greater the stronger 
the descending current, but by comparison with the range of initial frequencies ‘ 
the differences are small and can be neglected. This point is made specially 
clear by the way cooling brings back the discharge under conditions when it 
has been completely inhibited by the descending current (Figs. 4D, 5). In 
view of the linearity of the preparations this general result means that the 
thermal stimulus can always be expressed in terms of the same change in 
current strength: thermal and electrical stimuli are equivalent. 

In preparations in which the response curve is not linear the analysis is more 
complicated, but the result is the same. In the preparation illustrated in Fig. 6, 
for example, although the drop of 3-5° C at 1 «A descending current did not 
produce nearly such a large increase in frequency as it did at zero current or 
with ascending currents, the d.c. equivalents of the temperature drop, found 
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Fig. 5. The effect of temperature change superimposed on the adapted response to direct currents 
A, stimulus-response curve for electrical stimulation at 17° C, obtained by plotting the 
discharge frequency 1 min after ‘make’ against the strength of the stimulating current; 
B, maximal discharge frequencies after a fall in temperature to 14° C. 
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Fig. 6. The effect of temperature change imposed on the adapted response to direct currents. 


A, curve of adapted responses to electrical stimulation at 16°C. B, maximal discharge 
frequencies reached after a fall in temperature to 12-5° C. 
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by reference to the characteristic curve 6A, were the same, namely 0-6-0-7 pA. 
At zero current the cooling produced the same intrease in frequency as would 
have resulted from the application of 0-7 pA ascending; at 0-5 wA descending 
the cooling resulted in a frequency which would have been given by 0-1 pA 
ascending, i.e. 0-6 »A difference, and at 1 4A descending the cooling resulted 
in a frequency which would have been given by 0-3 »A descending, also a 
difference of 0-7 »A. Thermal stimulation is again equivalent to electrical. 
Thus both curves represent parts of the same characteristic curve of the unit, 
but over different regions, curve B representing the upper portion, curve A the 
lower. To obtain the complete characteristic, curve B must be moved to the 
nght by an amount equal to 0-7 1A. The combined curve is effectively linear 
between frequencies of 25/sec and 60/sec, but flattens out below this. 

In the experiments so far described, the thermal stimulus was applied some 
time after the make of the current, so that the unadapted response to tem- 
perature change became superimposed on the adapted response to d.c. Ex- 
periments have also been performed to investigate the possible interaction 
between the unadapted thermal response and the unadapted d.c. response by 
comparing the effects of brief electrical stimuli applied before and after changes 
of temperature. Compared with the simplicity shown in the previous experi- 
ments, the results here were more complex and variable, and no simple 
generalizations can be made. Fig. 7, for instance, illustrates an experiment 
in which a standard electrical stimulus was applied at various stages of a cycle 
of temperature change; the electrical stimulus consisted of sudden make of an 
ascending current, sudden reversal to descending current after 2 sec and then 
sudden break 2 sec later again; the strength of current initially was 0-1 wA 
and this was increased to 0-2 nA in a second series of tests. The standard 
electrical stimulus was first applied at a steady temperature of 15-5° C, and the 
resting, maximal and minimal frequencies are represented by the three points 
of curve D. The temperature was then lowered to 13-5° C, and, after 30 sec, 
the application of the standard electrical stimulus gave the results shown in 
curve A. Curve F refers to an application of the standard electrical stimulus 
30 sec after a rise of temperature from 13-5 to 15-5° C. Curves B, C and £ are 
the corresponding results of repeating the sequence with currents of 0-2 uA. 
The interval between changing the temperature and applying the standard 
electrical stimulus was chosen as long as 30 sec because in this particular 
preparation the latency of the thermal response was long and the frequency 
maximum was consequently reached slowly. 

Apart from the flattening-off of the top of the A—B curve on approaching 
the maximal frequency of the unit, A—B is steeper than C—D, and E-F is 
flatter; that is, the effectiveness of the standard electrical stimulus was greater 
after, cooling than at a steady temperature, and smaller after warming. These 
changes in effectiveness were confirmed by the responses to electrical stimuli 
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applied 1 min after the temperature changes. Here the curves were still 
steeper and flatter respectively than the steady-temperature curve. The dif- 
ferences between the gradients of the curves are too great to be explained in 
terms of the slightly non-linear characteristic. 

Of the nine preparations so tested, five showed enhanced effects after cooling, 
and reduced effects after warming. However, in three the response was the 
same at all phases of the temperature sequence, and in one the response was 
greatest after warming. The only associated character that could be found to 


Impulses per second 
3 
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Desc.—Current (u4A)—Asc. 


Fig. 7. The effect of sudden electfical stimulation applied before and shortly after changes of 
temperature; for full description see text. A and B, response to standard electrical stimuli 
30 sec after a fall in temperature from 15-5 to 13-5° C. C and D, response to standard elec- 


trical stimuli at a constant temperature of 15-5° C. EZ and F, response to standard electrical 
stimuli 30 sec after a rise in temperature from 13-5 to 15-5° C. 
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distinguish between the preparations responding in these three different ways 
was the symmetry of the responses to increase and decrease of temperature. 
In the five preparations of the first type, the immediate increase of frequency 
which occurred when the temperature was lowered was greater than the im- 
mediate decrease of frequency which occurred when the temperature was altered 
_ back to its initial value after adaptation of the response had taken place. In 


the last one, the response to warming was the greater, and the other three 
were symmetrical. 


Anomalous responses to temperature change 
In the course of the investigation a number of anomalous responses to 
temperature change were found. In five preparations out.of about a hundred 
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an unusual and very transient change in discharge frequency was obtained 
each time the temperature was changed (Fig. 8): on cooling there was an initial 
decrease in frequency lasting 1-2 sec before the more normal increase, and 
conversely on warming there was a short increase before the slowing-down. In 
one preparation there was an even more complex response involving an in- 
crease, decrease and finally increase again on cooling. Both these types of 
anomalous response were shown equally when a polarizing current was flowing, 
the usual summation occurring. 


rie 


0 0 2 06: .@ 
Time (sec) 

Fig. 8. The response of a single unit to changes of temperature applied from two different direc- 
tions; between the recordings illustrated in the two curves the capsule was turned over. The 

continuous curve shows the anomalous response. 7’, temperature. 


Response to direction of thermal gradient 
In view of the possibility that the effective stimulus for cutaneous thermo- 
receptors in mammals is the spatial gradient of temperature, responses to 
standard temperature changes were recorded with the capsule arranged in 
different positions relative to the direction of the spatial gradient. In every 
position the sign of the response was the same, although the latency and 


' sensitivity wére affected, presumably because of the altered distance between 


the thermode and the active nerve ending. One particular preparation was 
arranged so that it only touched the thermode with one end or the other, with 
the tubes or with the region of the capsule wall through which the nerve 
emerged; in each position an increase in frequeicy was caused by cooling. In 
another experiment (Fig. 8) the anomalous response was altered to a normal 
one by turning the capsule over. 

In a theoretical analysis (Tyrrell, Taylor & Williams, 1954) it was suggested 
that the existence of the resting discharge itself might depend on the presence 
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of non-isothermal conditions at the nerve endings. However, in the present 
experiments the discharge continued under such different conditions and direc- 
tions of temperature gradient that this hypothesis can be excluded. 


DISCUSSION 


A satisfactory explanation of the mechanisms by which thermosensitive 
nerve endings convert temperature change stimuli into changes of impulse 
frequency has not yet been proposed. Any such explanation must be able to 
account for the results described here. 

First, the effective stimulus is the temporal gradient of temperature change 
and not the spatial gradient. This means that the hypothesis of Tyrrell et al. 
(1954, 1956) proposed for mammalian cutaneous sensory nerves cannot apply 
to the ampullae, nor to any of the other thermosensitive organs with a resting 
discharge in which it has been shown that the direction of the spatial gradient 
is unimportant (mammalian tongue ‘cold’ receptors, Hensel & Zotterman, 
1951; lateralis organs of Xenopus, Murray, 19566). 

Secondly, in experiments in which thermal stimuli are combined with the 
adapted response to electrical stimulation, thermal stimulation is equivalent 
to electrical; the one is as effective in the presence of the other as in its absence. 
This result is relevant to a discussion of the way in which both electrical and 
thermal stimulation may effect the mechanisms which are involved in the 
maintenance of the repetitive discharge. 

Thirdly, in experiments in which recordings are made of the non-adapted 
responses to electrical stimuli applied at a short interval after a change of 
temperature there are usually consistent changes in the effectivenesss of the 
electrical stimuli. These changes occur when the responses to warming and 
cooling are not symmetrical. The results cannot at the moment be explained 
but it is possible that there are two separate effects of the polarizing current, 
an electrotonic shift of membrane potential and a change in the depolarization 
rate between impulses; the two effects could be unequally affected by adapta- 
tion. The latter effect has been suggested by Hodgkin (1951, p. 389), and can 
be seen in the photographs in his earlier paper (1948) on the initiation of 
impulses in crab nerve by d.c. stimulation. 

Fourthly, certain preparations show anomalous responses to temperature 
change. They are numerous enough to warrant a special explanation, but 
nothing can usefully be said at the moment, except that the alteration 
between excitation and inhibition is in some respects similar to that described 


by Bullock & Diecke (1956) from the facial pit thermoreceptors of crotalid 
snakes. 
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SUMMARY 


1. The impulse discharge from the ampullae of Lorenzini-has been recorded 
during electrical stimulation by direct currents applied alone and in combina- 
tion with thermal stimuli. 

2. The discharge frequency varies linearly with the applied current in the 
majority of preparations. 

3. When temperature changes occur after adaptation to an electrical 
stimulus has taken place, the change of frequency due to the combined stimuli 
is the sum of the changes due to each stimulus separately. 

4. The response to a brief electrical stimulus applied during the period of 
maximal response to a thermal stimulus is in some instances greater than, and 
in others less than the response in the absence of thermal stimulation. 

5. The direction of the spatial gradient of temperature is unimportant in 
determining the response to temperature change. 

6. Some anomalous responses to temperature change are described. 

The work was carried out at the Laboratory of the Marine Biological Association at Plymouth, 
and I should like to thank the Director and Staff for their hospitality and for supplying the living 
material. The cost of part of my apparatus was met by a Royal Society grant. I should also like 


to thank Professor O. Sor his and for suggesting the we of 
spinal fluid in the dissections. 
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The transfer of solutes into and out of living cells takes place under varying 
conditions, defined by the relative movement of outer medium and suspended 
cells. In a tissue the cells are bound to a fixed-position and the outer fluid is 
in steady motion. A specially complicated case is represented by the walls of 
biological tubes, such as the intestine, the ducts of glands and the renal tubu- 
lar system, where an epithelial layer separates two fluid compartments, namely 
the tubular contents on one side and blood and extracellular fluid on the other. 
The theory of diffusion through the wall of a cylinder has been treated by 
Jost (1952) for two cases, where the contents inside are either at rest or are 
flowing in an axial direction at a constant rate. The first condition is approxi- 
mately realized in the intestinal tract, in viéw of the slow movement of its 
contents. For most excretory organs no clear-cut information is as yet avail- 
able, whether the flow is constant or variable (Bro-Rasmussen, Killmann & 
Thaysen, 1956). For the kidney, however, it is well known that both the com- 
position of the solution at the end of the tube and the axial flow vary consider- 
ably, a case not included in Jost’s treatment. For this special case, Dole — 
(1943) first derived a mathematical expression relating the renal clearance of 
solutes to the rate of urine flow. 

In the present paper we shall develop a theory for the movement of solutes 
in cylindrical tubes, through the wall of which exchange may take place in 
either direction. The general equations which will be derived will then be 
applied to a special problem, renal excretion. Application of the theory to 
experimental observations will be presented in a later paper. 

In order to follow the change in concentration of a given solute with time, 
let us make the following not unregsonable assumptions: 


(a) The movement of particles in free solution is much faster than their trans- 
fer through the membrane. 
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(b) The volume of the outside solution is so large that a transfer of solute 
into the outer compartment does not change measurably the concentration 
Cext» the thermodynamic activity a,,, or the electrochemical activity «,,, of 
that solute. The latter magnitude, «,,,, is defined by 


a=a.exp (+ZVF/RT), 
where Z=valency, V-=electrical potential, T'=absolute temperature, 
F = Faraday’s constant. (Subscript int = internal, ext = external.) 

For the sake of simplicity, we shall agree to measure electrical potentials 
always from inside to outside, i.e. inside potential = 0. Thus we may substitute 
Gp for %,, and, if the solutions are assumed to be sufficiently dilute to be 
treated as ideal, c,,, for a,,,. The following equations will be formulated for 
charged particles. They can, however, easily be applied to See | 


by replacing 
r 
dx 


tube, while the fluid inside is moving with variable velocity. 


Let us now consider two cross-sections through a cylindrical tube at a dis- 
tance dz from each other, as indicated in Fig. 1. The amount of solute which 
enters at plane z must be equal to the sum of that leaving at plane (x+dz), 
plus the quantity of solute that escapes through the wall. If v, measures 
the flow of liquid (in cm*/min) through the plane z, and correspondingly %,,4.) 
the flow through plane (x+dz), then the amounts of solute passing through 
each plane per minute are defined by c,.v, and ¢,,45-Ysiae» Tespectively. 
Assuming that a steady state has been reached, the rate of passage of solute 
through the wall over the distance dz is given by 2mrK,(c,—«,,,) dz, where 
r =radius of the biological tube, and K = transfer constant; whence we obtain 


— da) = 277K (Cz — text) 
The quantity K, includes the thickness of the wall; it has the dimension 
cm/min. It is assumed in the derivation of equation (1) that the rate of passage 
is proportional to the electrochemical potential gradient. 
Developing the symbols q,,3,) and %,,g,) With the aid of Taylor’s series, 
and neglecting differentials of higher order, we find 
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which can be redistributed to (3) 

C,.U, 


The latter, upon integration, gives 
mathew Ment) + (4) 


(3) 


From equation (5) it ew that if z=0 (at a ial of the tube), C” =c,. v9. 
Therefore we can now formulate the final solution in the form (6) 


z=0 
where f indicates ‘final’. 

It should be recalled here that the exponential portion of equation (6) 
vanishes when the exponent becomes zero. This is the case (a2) when z=0, 
i.e. at the origin of the tube; (6) when K,.=0, as for substances which cannot 
penetrate through the wall. Here then, equation (6) assumes the simple form (7): 

Cz - Vz Vp. (7) 
On the other hand, when c,>«,,,, the integral in (6) assumes a definite and 
constant value, and equation (6) now reduces to the form (7a): 


C,.U, 


= constant. (7a) 


Application of equation (6) to renal excretion 

We shall now treat a more complicated case, arising from the special 
physiological conditions in the kidney. It is generally accepted today that 
different parts of the renal tubular system use different mechanisms, an idea 
”\\ supported by the variations in histological structure in different portions of 
the tubular epithelium. Furthermore, the ability of the mammalian kidney to 
produce either hypotonic or hypertonic urine requires a partial dissociation 
of reabsorption of salt and water (Smith, 1956). Therefore, we have assumed 
schematically the existence of three separate compartments with three dif- 
ferent transfer processes: In compartment J, the ‘proximal compartment’, 
both water and solutes are absorbed through the tubular membrane, i.e. 
both the concentration of the solutes and the rate of flow change continuously, 
as is indicated by the fact that the fluid emerging is approximately isosmotic. 
In compartment II, water only can move through the wall. Finally, in com- 
partment ITI only solutes are transported through the membrane. Compart- 
ments II and III together form the ‘distal tubular system’ and at this point 
are not identified with any specific anatomical structure. (A priori, we may 
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reverse the order of compartments II and III, so that the last compartment 
would be concerned with the transport of water. Such a system will be dis- 
cussed later, in connexion with the experiments of Wirz (1956).) It should 
be noted that a similar subdivision has been envisaged already by Dole 
(1943). However, he included only two separate phases in his mathematical 
treatment, one associated with simultaneous absorption of water and solute 
(urea), and a second one in which water is excluded from reabsorption. In 
the present. derivation, all three subdivisions have been taken into account. 
Equation (6) will be applied successively to the three compartments in such a 
way that the initial conditions of each subdivision are identical with the 
terminal values of ¢ and v in the preceding one. In this way, we obtain the 
following equations: 

I. Since in compartment I, c,=p=plasma concentration of solute, we 
may write equation (6) in the following modified form: 


exp (by Kb (Fh) (8) 


where (F),=—| ae 
a=0 6 Uz 

and ky = 

II. In this compartment, no transfer of solute through the wall takes place, 
ie. K=0. Accordingly, we can apply equation (7) as follows: 

Since in the third compartment no water is absorbed, the flow cannot change 
and its final value v, (=urine flow) is identical with v,,. Therefore, we may 
extend the above expression to 


Oy - Oy = - Oy = - My J 
III. As has already been stated, the flow in this compartment remains 
constant. Applying equation (6) and now placing v,, before the integral, we 
obtain 


exp (in xp Su), (9) 


a 

Finally, by combination with the expressions derived before for compart- 
ments I and II, we can relate ¢,, the concentration of a given solute in urine, 
to p, its plasma concentration, by equation (10): 
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The expression t,,.v,/pv, represents the relative clearance Rc of a given 
solute. This magnitude, according to (10), can now be defined by two exponen- 
tial expressions, related to compartments I and III respectively. Let us first 
consider compartment I. We may assume that the tubular cells under any 
given conditions will absorb a maximum amount of the solution inside the 
lumen. Provided that steady state conditions have been reached, therefore, 
the value of v;—v, will remain approximately constant, and proximal re- 
absorption of a solute will also be nearly constant. We may thus replace the 
part of equation (10), which corresponds to compartment I, by the constant 
function ¢ and write equation (10) in the following modified form 


< 
exp (kn KF) (10a) 

or in logarithmic form 
In Ro=In (108) 


Let us now consider two extreme conditions: (a) in the first place, if the 
urinary concentration of the solute considered is far from the final equilibrium 
concentration, that is, if c,>alt, we may neglect the latter in comparison 
with the former, and the integral in (9) simply assumes the value z,,;, the 
length of the tube in compartment III. Equation (105) then reduces to the 
relation (11), derived originally by Dole 


In Re=In $ — 2a 27; (11) 


This form of the general law is thus applicable, whenever the urine concentra- 
tion is high compared to the outside (electrochemical or thermodynamic) 
activity of a given particle. With this limitation, however, equation (11) is 
very useful for comparing the excrétion of different solutes. The right-hand 
portion of (11) contains, besides the function In ¢, assumed to be approximately 
constant, as the only variable v,,, since r,,,, the radius of the third section of the 
tube, and 2;,;, its axial length, presumably possess constant values in the 
average member of a given species. The anatomical conditions will, however, 
vary considerably from one species to another, so that comparison of results 
from different experimental animals is not feasible without knowledge of the 
actual values of r and z. 

The only member among the coefficients of 1/v,, which is characteristic for 
each solute individually, is K}#', the transfer constant in the third compart- 
ment. When the clearance of two different solutes has been measured as 
function of urine flow, a plot of In Re versus 1/v, will give straight lines, the 


slopes of which are proportional to K} and thus provide a relative measure 
of the latter. 
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The intercepts of the regression lines represent In ¢. If c;>al,,, then the 
integral of (8) assumes a much simpler form, as shown in the expression (12) 


Ing = (12) 


Usually in clearance experiments the glomerular filtration rate stays within 
narrow limits, i.e. ¥9~ constant. Since ordinarily vy > v,, variations in the latter 
will not influence much the value of v;—v,, and the value of the integral in 
(12) will be sensibly independent of the nature of the solutes present. The 
only member on the right side of equation (12), which is characteristic for 
each solute individually, is thus K}.. The intercepts, therefore, give a relative 
measure of Kj, in the same way as did the slopes for K}. (6) In the second 
place, as the other extreme condition, when c, o) gre its equilibrium 
value, we may consider the boundary condition c,=alll. From equation (10a) 
it follows that Rc is now constant 


=constant. 

Hence, beyond the point where the equilibrium concentration is reached, 
Re is no longer dependent on v,, and should now be represented by a horizontal 
line. 

Reversed order of compartments IT and III 

Wirz (1956), on the basis of direct measurements of osmotic pressures in 
proximal and distal convoluted tubuli, came to the conclusion that between 
the end of the former and the origin of the latter sodium chloride must be 
reabsorbed actively, in order that the fluid which reaches the distal tubule 
may be hypotonic, In view of these findings, it would be necessary to ascribe 
to compartment II the function of separate transfer of solute and to compart- 
ment III that of water. Systematic application of equation (6) to this alter- 
native arrangement of the compartments leads to the final solution (13) 


In Re=In — ky gy (13) 


which at first glance differs from equation (106) by including the quotient 
C/¢,. However, it can easily be shown that the description of the transfer 
process by equation (13) is identical with that of (10). For the sake of sim- 
plicity, we shall demonstrate this point for two cases: (a) Let v, become very 
small. Then ¢, increases steadily, because water absorption is now the last 
step. However, c,; is independent of the changes in compartment III. 
Therefore, ¢,.v, and likewise c,,/¢,v,, will become approximately constant 
and thus Re will become independent of v,—a result analogous to the conclu- 


sion reached at the end of the foregoing section. (b) Let v, increase to very 
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large values. This means that the transfer of water through the membrane 
of compartment III becomes very small. Consequently c, approaches the 
value of ¢,,;, and (13) now assumes the form of (105). A similar result is 
obtained for any case in which c,,/¢, assumes a constant value. If, in addition, 
c,>all,, equation (13) assumes the special form (11)—i.e. the Dole plot will 
again yield a straight-line relationship between In Re and v,. 


DISCUSSION 

Application of the fundamental diffusién law to cylindrical tubes along which 
the movement of fluid reaches a steady state permits the derivation of equation 
(6), relating the concentration of a solute to the rate of flow. Successive appli- 
cations of this equation to a subdivision of the nephron into three compart- 
ments leads to the rather complex function (10). It has been shown that 
the linear relationship between In Re and 1/v,, (equation 11), derived by Dole 
(1943), is a special case of the general function (10). The former adequately 
describes the renal excretion of urea (as demonstrated by Dole), because this 
compound always maintains a urinary concentration far above its plasma 
concentration. 

The assumed subdivision of the tubular system is of functional character 
and independent of exact anatomical localizations or of the order of the distal 
transfer processes. Wirz (1956), on the basis of osmotic measurements, has 
postulated that in the distal system first sodium chloride is reabsorbed actively, 
and that this process is followed by transfer of water. An alternative inter- 
pretation of his experiments could be based on the assumption that first 
water is added to the tubular fluid. A more thorough discussion of this problem 
will be given at a later stage. At present, it should be stressed again that the 
theory developed here describes the renal excretion process indepéndently of 
the order of the different steps of distal reabsorption. 

In the following articles an attempt will be made to analyse the excretory 
rates of various charged and uncharged solutes in different organs in terms of 
the equations derived in this paper. 


SUMMARY 


1. .General equations are derived for the transfer of solutes through the walls 
of cylindrical tubes, when there is an axial flow of the fluid inside the tubes. 

2. Special application of these equations to the tubular system of the kidney 
is based on the assumption that the whole process of absorption can be sub- 
divided into three steps: 

(a) Both water and solutes are transported through the tubular membrane. 
(6) Water only can permeate through the wall of the tubule. 
(c) Solutes only can move through the wall. 
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3. By successive applications of the general equation to each subdivision a 
mathematical description of the renal excretion process is derived which 
lends itself to experimental tests. 

4. It has been shown that essentially identical results are obtained by 
reversal of the order of steps (6) and (c) in 2. 
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In a previous paper (Bergmann & Dikstein, 1959) a general equation, describ- 
ing the movement of solutes in cylindrical tubes, has been derived. By sub- 
dividing the tubular system of the kidney into three parts and making certain 
assumptions about the transfer of water and solutes through the membrane 
of each individual compartment, we arrived at the conclusion that the best way 
to study the laws of renal excretion is the use of the ‘Dole plot’ (Dole, 1943), 
relating the logarithm of the relative clearance (Re) of a given solute to 
the reciprocal urine flow, 1/v,, according to equation (1): 


In Re=ing—k.KP.—, (1) 


where In ¢ measures the relative clearance of a given solute at the end of the 
first compartment (i.e. at the end of the proximal tubule); 


v, is the urine flow; 


k is a combination of all constants, concerning the third compartment, which — 


are characteristic for the species and therefore common to all solutes; 


and Ki! =transfer constant in the third compartment, characteristic for 
the individual solute tested. It should be recalled that in the derivation of 
equation (1) no assumption was made about the character of this constant. 

By comparing the K}! values (and likewise the K}, values, derivable from 
the intercepts In ¢; see below) of various solutes, one may expect to obtain 
insight into the factors determining the differences in tubular absorption or 
excretion, a problem which so far could not be attacked. In this way clearance 
experiments may yield important information about the physico-chemical 
factors governing the transfer process in general and thus regulating renal 
absorption and excretion. In this paper, we present the results obtained with 
simple uncharged molecules. 
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For the present purpose it appeared desirable to select a type of compound 
that would fulfil the following conditions: 


(a) The compound should normally be absent from. all body fluids. 
(6) It should not be metabolized to any marked degree within the experi- 


mental period. 

(c) It should be easily determinable in plasma and urine. “ani 

(d) It should lend itself without difficulty to the synthesis of a homologous 
series. 


_ Thiourea was selected as a suitable model substance. Its renal excretion in 
humans has been found to be close to that of urea (Chesley, 1944). The excre- 
tion of substituted thioureas by the dog kidney has been studied by Nicholls 
& Herrin (1941). 


METHODS 


About forty patients without kidney disease were used for the first series of experiments. After 
blank samples of blood and urine had been collected, the experiment proper was started with a 
priming dose of about 3 g of inulin and 0-75—1-0 g of a thiourea derivative. Constant intravenous 
infusion was then installed, and during 14-2 hr another 4 g of inulin and about 1 g of the thiourea 
derivative (the latter, if possible, in the form of a 5% solution) were injected. No toxic side 
effects of the thioureas, at the dosage applied, were observed in these experiments. pe 

Blood samples were taken from a femoral artery between consecutive urine samples, the latter 
being collected by means of an indwelling catheter. Usually, in a single human experiment, the 
clearance was measured during four periods. 

In a second series, twenty dogs were used to confirm and extend the observations made on 
humans. The animals were anaesthetized with Nembutal (pentobarbitone; Abbott Laboratories : 
20 mg/kg), the abdomen was opened in the mid line and both ureters were cannulated with poly- 
ethylene tubes, which reached upwards into the kidney pelvis. Urine was collected into graduated 
tubes. Blood samples were withdrawn from a femoral artery directly into heparinized plastic 
(Nalgene) tubes and immediately centrifuged in a cold room. Infusions or injections were made 
into a femoral vein. The dog experiments extended over about 8 hr and permitted the determina- 
tion of up to 40 clearance periods. At the end of the experiment the animals were killed and their 
kidneys weighed. The absence of gross pathological changes in the kidneys was checked by direct 


inspection. 
Analytical procedures ‘ 
Inulin was determined according to the method of Roe, Epstein & Goldstein (1949). Grote’s 
(1931) reagent was used for the analysis of thiourea and its homologues. In the modification of 
the method, described by Williams, Jandorf & Kay (1944), the proteins are first removed from % 


plasma and the reagent is then added at pH 8. We have found that deproteinization is unneces- 
sary if the colour is developed at pH 6. Under these conditions the blue colour also proved much 
more stable. A very important factor for the success of the Grote reaction is the reaction tempera- 
ture, which has an optimum at 37°C. Deviation from this temperature produces great differences 
in colour yield. The method was carried out as follows: 

Preparation of stock solution. 0-5 g each of sodium nitroprusside, hydroxylamine hydrochloride 
and sodium bicarbonate are dissolved in 10 ml. water. When the evolution of CO, has stopped, 
1-5 ml. of bromine is added. After the liberation of gas comes to a standstill, the volume is made 
up to 25 ml. This stock solution can be kept in a refrigerator for about a month. 

Procedure. Before use the stock solution is diluted 1:5 with water. A portion of the solution to 
be analysed, corresponding to 50-100 yg of the thiourea derivative, is made up to 5 ml. with 
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0-15 m acetate buffer, pH 6-0, and 1 ml. of Grote’s reagent is added. The mixture is kept in a ther- 
mostat at 37° C for 30 min (urine samples) or for 45 min (plasma samples). Readings are taken in a 
Klett-Summerson photoelectric colorimeter, using filter No. 62. 

For plasma analysis samples of 0-5-1 ml. were used. For urine analysis, however, the appro- 
priate dilution had to be determined in preliminary experiments for each thiourea derivative. 
The calibration curves are close to each other and are linear up to 100 wg (Fig. 1). When the 
exact conditions described were observed, daily standards did not differ from each other by more 
than 5 Klett units. 


100 


J 

20 40 60 80 100 

Fig. 1. Calibration curves for the colorimetric determination of thioureas. O—O, thiourea; 
+—+, methylthiourea; @—®, trimethylthiourea; methyl diethylthiourea. 


N-Methylthioureas were prepared from methyl isothiocyanate and the appropriate amine. 
N-methyl-N’, N’-diethylthiourea was obtained as prisms of m.p. 36°C. (Analysis: 
N=19-0%, calculated for C,H,,N,S, N=19:2%). 

Relative clearances (Rc) were calculated according to equation (2): 

Re= Uy Pin (2) 

Po Yin 

where u,, p, = urine or plasma concentration of solute x and %,,,, p;,, =the corresponding values of 
inulin. The Re values were plotted on semilogarithmic paper as function of the reciprocal value of 
urine flow in the experiments with humans. For dogs, however, in view of thé large differences in 
weight (6-22 kg) and size, direct comparison of data, obtained for equal urine flows, is not 
feasible. A reasonable basis for comparison is given by calculating the flow per gram of kidney. 
Since we have found that in all our animals the relative kidney weight was within the range 
4-5-6 g/kg body weight, the final results are not changed significantly, when urine flow/kg body 


weight (w) is made the basis of these plots. Therefore, forall experiments with dogs =.=" is 
used as abscissa, instead of 


In individual human experiments the flow varied at the most tenfold and 
in all trials together between 0-7 and 12 ml./min. In the tests with dogs, 
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however, @ fiftyfold range was covered in the course of single experiments. 
Usually, at the start of an experiment, the flow was close to 0-1 ml. /min, 
since the animals were kept thirsty during the night. The flow was then in- 
creased gradually by repeated intraperitoneal injections of warm tap water 
(20 ml./kg) and was finally brought to maximal values by repeated intra- 
venous injections of small volumes (10-20 ml.) of 5% (w/v) sodium chloride 
solution. 

Whenever possible, a regression line was calculated for the experimental 
points, applying the usual statistical methods. 

The distribution coefficients for all thiourea derivatives used were deter- 
mined for the system benzene—water at 20°C. After shaking benzene with an 
aqueous solution of the thiourea derivative for 1 hr, the two layers were 
separated and the organic solvent was dried over anhydrous sodium sulphate 
for 1 hr. An aliquot of the benzene was then evaporated to dryness and the 
residue dissolved in a measured volume of water. The concentration of thiourea 
derivatives was determined in either layer by the use of Grote’s reagent. 

RESULTS 
The relative clearance of thioureas in humans 


In Figs. 2-4 we represent the results obtained with human subjects during 
infusion of thiourea, its methyl and its trimethyl derivatives. It is apparent 
that the experimental points in each of the three graphs may be represented 
by a single straight line. Both slopes and intercepts change in a regular fashion: 
while the intercepts decrease; when going from thiourea to its trimethyl 
derivative, the (negative) slopes become larger. The latter, as mentioned in 
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Fig. 2. Relative clearance of thiourea in humans as function of the reciprocal value of 
urine flow. Ordinate, log. scale of Re. 
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the introduction, are a relative measure of K¥!. Therefore, it is concluded that 
this constant increases in the present series with increasing number of carbon 
atoms attached to the nitrogens of the thiourea molecule. 
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0-2 0-4 06 0-8 1-0 12 
1/v 

Fig. 3. Relative clearance of methylthiourea in humans as function of reciprocal of urine 

flow. Ordinate, log. scale of Re. 
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Fig. 4. Relative clearance of trimethylthiourea in humans as function of reciprocal of urine 
flow. Ordinate, log. scale of Re. 


Thiourea clearances in dogs 
Since the urine flow in humans can be varied only within a rather limited 


range, it appeared desirable to extend these experiments to dogs in erder to 
cover also the theoretically important extreme values of 1/v,. The results of 
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animal clearance studies with thiourea, N-methylthiourea, N, N’, N’-tri- 
methylthiourea and finally with N-methyl-N’, N ‘-diethylthiourea are shown 
in Figs. 5-8. Whereas for thiourea itself it is still possible to represent the 
experimental points by a single straight line (see Fig. 5), the alkyl derivatives 
show a more and more pronounced derivation from the linear relationship 
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Fig. 5. Relative clearance of thiourea in dogs as function of w/v; semi-log. scale. 
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Fig. 6. Relative clearance of methylthiourea in dogs as function of w/v. Note the steep slope of 
the left-hand portion of the curve and the approximately horizontal course of the right-hand 
part; semi-log. scale. 


between In Re and w/v,, postulated by Dole (1943), and obviously require 
representation by exponential curves. The initial portions of the curves, cor- 
responding to small values of w/v,, exhibit large negative slopes. For high 
values of w/v, (i.e. for small urine flows), the curves asymptotically approach 
2 line parallel to the X axis, although the points in this region of the graphs 
show rather large scatter, due to inherent analytical inaccuracies. This general 
behaviour of the In Re function was predicted in Part I on the basis of 
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 Qualitatively, the order of the curves in Figs. 5-8 follows that observed in 
human experiments. For quantitative comparison among the homologous 
thioureas, the results with animals permit the use of the following criteria: 
(a) the slope of the ‘initial’ portion of the curves; | 
(b) the intercept at the Y axis; 
(c) the level of the approximately horizontal portion of the curves. 
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Fig. 7. Relative clearance of trimethylthiourea in dogs as function of w/v. Full and empty circles 
(a) The slopes (=tan y) of the initial portions of the curves in Figs. 5-8 
are given in Table 1, column 6, as relative measure of the individual K}" 
values. The relationship between these constants ahd n, the number of 
carbon atoms in the alkyl side chains, is shown in Fig. 10, curve 1, which 
demonstrates the steady increase in the K'#' values (since K}#! ~ —tan y). 
(6) If we were to measure the intercept at w/v, =0, we should be consider- 
ing infinitely high flows, which are physiologically impossible. The maximal 
urine flow is given by the amount of fluid escaping proximal (i.e. obligatory) 
reabsorption (Smith, 1951). For humans, the value of v,,,, is 20-25 ml/min, 
corresponding to 1/v,~0-04. In dogs, the highest value of vmax, we have ever 
observed in about a hundred experiments was near 0-5 ml./min/kg, which is 
of the same order of magnitude as the figures reported for man. Therefore, 
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in Figs. 5-8 the intercepts (=In¢) were measured along the ordinate which 
corresponds to w/v, =2, and these values are shown in Table 1, column 7. 
Since the intercepts are only a relative measure of K1,, the transfer constant 
in the proximal compartment, approximate values of vmax are entirely satis- 
factory. 
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Fig. 8. Relative clearance of methyl diethylthiourea in dogs as function of w/v; 
2 semi-log. scale. 
TasBiLx 1. Physical constants of thioureas 
Substance mol. wt. x B log 8 tan y In ¢ 
Thiourea 76 0 (7-1 x 10-*) ( —5-15) — 0-003 0-74 
Methylthiourea 90 9-2 x 10-* — 0-035 0-54 
i Ithiourea 118 3 2-5 x10"? —0-6 0-072 0-1 
Methyl dieth yithiourea 146 5 415 +146 ~0-130 0-074 


solubility of this substance in benzene. 


An additional important point, beyond the intercepts just defined, can be 
selected by the following considerations. Immediately after glomerular 
filtration, all substances have the same concentration in the tubular fluid 
as in protein-free plasm; that is, here universally u/p=1 and because no 
water has as yet been reabsorbed, also Rc=1. Since the filtration rate is 
approximately constant, we should select the following abscissa for this 


« 
The 8 value of thiourea is subject to a comparatively large error, due to the extremely low 
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value of Rc, in humans, 1/v, = 0-008, corresponding to a filtration rate of about 
125 ml./min, and in dogs, w/v) =0-3, that is, filtration rate about 3 ml./min/kg. 
For the sake of simplicity, we may use instead the value 1/r or w/v)=0, 
which does not introduce any error into the following discussion. 
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Fig. 9. Initial slopes and intercepts from Figs. 5-8. For the relative K} values intercepts are 
measured at w/v,—2 (broken line). The intercepts have been connected with the point 
Re=1, w/v, =0. The area left of the broken line characterizes the proximal compartment 
and the area right of it the distal tubular system. Ordinate, log. scale of Rc; abscissa ten times 
the scale of Figs. 5-8. 

Fig. 10. Partition coefficients and relative transfer constants of thioureas as functions of n, the 
number of carbon atoms in the side chains attached to the thiourea molecule. Curve I, 


initial slopes (= — tan y) of Figs. 5-8. Curve II intercepts (In ¢). Curve III, —log (partition 
coefficients 8). Note the sharp break in curve II at n >3. 


In order to give a clearer picture of the points selected, we have replotted 
the relevant parts of Figs. 5-8 in Fig. 9 on a tenfold increased scalé of the 
abscissa. It is clearly evident that the intercepts (=In 4) decrease with in- 
creasing length of the alkyl chains in the thiourea derivatives. Since In ¢ 
gives a relative measure of K},, the transfer constant in the proximal com- 
partment, we have again plotted intercepts as function of n, the number of 
carbon atoms in the side chains of the thiourea molecule (Fig. 10, curve I!). 
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The first three points lie on a straight line, but then the line bends sharply 
and continues with a much smaller slope. In order to establish the final course 
of this curve beyond doubt, it would be necessary to measure the clearance of 
still higher homologueasf the series. Unfortunately, the solubility of tisub- 
stituted thioureas, with n >5, becomes so small as to make infusion of suf- 
ficiently large concentrations into animals impossible. The data available so 
far suggest that the K}, values follow an order analogous to that of the Ki! 
values, that is, they increase with increasing chain length (since K}.~ —In ¢ 
or +1/In ¢). However, beyond a certain limit (In¢d~0-1) the K}, values ap- 
parently tend to stay on a more or less constant level. 

(c) The ultimate level of Re (= Reg.) at extremely low urine flow decreases 
_with increasing ». Accurate evaluation of Reg, is not possible, since the 
experimental points in this range show large scatter, due to technical diffi- 
culties (see Figs. 5-8). Therefore we have not included in Fig. 10 a plot of 
Reg, 28 function of nm. Approximate values are as follows: Thiourea, 0-4; 
methylthiourea, 0-2; trimethylthiourea, 0-008; and methyl diethylthiourea, 
_ 0-004. These figures suggest a rapid decline of Re,,, for the first three members 
of the series. The last compound, however, reveals a tendency to remain more 
or less on the same level as its predecessor, a phenomenon analogous to our 
findings in the series of K}, values. 


The u/p ratio as function of urine flow 

The values of Reg, are characteristic for the limit of reabsorption at ex- 
tremely small urine flows. Such conditions should be favourable for attain- 
ment of complete equilibrium between tubular fluid, tubular cells and extracel- 
lular medium. It is therefore of great interest to compare urine and plasma 
concentrations in this experimental range. In Figs. 11 and 12 we have plotted 
the ratio of these concentrations as function of w/v, for thiourea and its 
methyl diethyl derivative. In addition, we give in Table 2 the upper and 
- lower limits of this ratio for all compounds studied in relation to the limits of 
urine flow. Fig. 11 shows that the urinary concentration of thiourea is always 
far above that in plasma and that the u/p ratio increases markedly with de- 
creasing flow. At the end of the proximal compartment this ratio is about 
15, indicating that even here water absorption is considerably faster than the 
transport of thiourea through the tubular membrane. Fig. 11 demonstrates 
the same behaviour throughout the distal compartment. Therefore, thiourea, 
owing to its low Ky values, never attains equilibrium in the flow system of the 
kidney. On the contrary, the disequilibrium between urine and plasma be- 
comes the more pronounced, the smaller the flow. The situation changes pro- 
gressively with the increase in the Ky values, as evidenced by Table 2. Fig. 12° 
demonstrates that the u/p ratio of methy! diethylthiourea changes little with 
changes in urine flow. This indicates that its transport through the tubular 
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membrane always keeps pace closely with water absorption, a reflexion of its 
high K, values. This derivative, also, leaves the proximal compartment 
with a u/p ratio close to 1, as is to be expected. (The portion of Fig. 12 below 
w/v,,=10, which shows an extraordinary behaviour, will be considered in the 
Discussion.) Again, as with thiourea, we find a parallel behaviour in both 
sections of the tubular system. 


Taste 2. The u/p ratio of thioureas as functions of flow — 


Substance Range of v/w* Range of ratio u/p 
Thiourea 0-007-0-19 115-12 
Methylthiourea 0-008-0-36 15-4 
Trimethylthiourea 0-007—0-27 2-2-0-9 
Methyl diethyithiourea 0-01 1-9-0-5 
100 
80}- 
ri 
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Fig. 11 Fig. 12 


Fig. 11. The ratio of urinary and plasma concentration (u/p) of thiourea as function of w/v. Note 
that even at high flow (left-hand portion of the gfaph) this ratio stays above 10. 


Fig. 12. The u/p ratio for methyl diethylthiourea as function of w/v. The horizontal line indicates 
equilibrium between urine and plasma. Note that for the points at w/y<15, the urinary 
concentration falls considerably below the plasma concentration. 


The summary of all experimental observations given in Table 2 suggests 


that, with increasing K, values, the thioureas approach more and more an — 


equal concentration with plasma in the proximal, as well as in the distal 
_ tubule. Therefore it appears justified to consider the ratio u/p=1 as the 
limiting value for substances with very large transfer constants. 


Distribution coefficients of thioureas between benzene and water 
The experimental results reported clearly demonstrate the influence of n on 
proximal as well as distal reabsorption. Nicholes & Herrin (1941) have sug- 
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gested that the lipoid solubility is the factor responsible for the large varia- 
tions in excretory behaviour observed in the thiourea series. We have de- 
termined the distribution coefficients 8 of the four compounds used, between 
benzene and water, and have included these values in Table 1, column 3. 
It is found that the figures vary several millionfold, while those for tan y 
or In¢ vary by factors of 10-30. In order to obtain a commensurable range, 
_ it is necessary to use log B instead of 8. Such a relationship is, of course, 
well known for homologous series, e.g. of amino acids and their derivatives _ 
(Cohn & Edsall, 1943). Indeed, for the compounds now under study, a plot 
of log 8 versus (Fig. 10, curve 3) gives a straight line, thus indicating an 
intimate relationship between tan ¢ or In ¢ on one hand and log £ on the other 
hand. | 
DISCUSSION 

Our results show that the linear relationship between In Rc and 1/v,, postulated 
by Dole (1943), holds only within a limited flow range, as for example in the 
human experiments represented in Figs. 2-4. For a sufficiently wide range of 
flow the above statement remains true only for solutes with large u/p ratios, 
that is, with small K,, values. The general form of the function relating In Re 
to 1/v, is more complex and is represented by curves, similar to those shown 
in Figs. 7 and 8. Their exact form depends on the nature of the integral in 
equation (106), derived by Bergmann & Dikstein (1959). 

Interpretation of our results will be based on the assumption that no special 
biochemical mechanism exists for the transfer of thioureas through biological 
membranes, so that we may confine ourselves in the following discussion 
solely to the consideration of physico-chemical factors. Fig. 10 reveals first 
of all a close relationship between the ‘initial’ slopes of the Dole plots and the 
logarithm of the partition coefficient 8, thus leading to the following expression: 


Kill = —C.log (3) 
(A similar relationship (between permeability constants and oil—-water par- 
tition coefficients) is discernible, although not explicitly stated by the authors, 
in the data of Tedeschi & Harris (1955), who studied the osmotic behaviour 
of mitochondria towards non-electrolytes.) 
Interpretation of this relationship can be based on the fact that log B is 
linked to the standard free energy change, accompanying the transfer of a 
molecule from one phase to the other, by expression (4) 


AF® = —2-3 RT log B : (4) 
Therefore, we may rewrite (3) as follows: 
— —2-3 RT log B=AF”. (3a) 


Both the distribution coefficient, an equilibrium constant, and Ky, a rate 
constant, are related by this equation to the same fundamental magnitude AF”. 
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A similar relationship can be derived for the relative K}, values. However, 
it appears from Fig. 10, that beyond a certain value (Ind ~0-1) K}, does not 
increase any further, but becomes independent of n. This curious phenomenon 
which however requires further experimental confirmation, can be explained 
by taking into consideration two facts: 

(1) The data of Table 2 and of Fig. 12 suggest that the limiting condition 
for equilibrium concentrations of thioureas with very high K}#! values will 
be near the value u/p=1. If, as has been shown to be probable before, this 
holds true not only for the distal tubular system but applies also to the 
proximal compartment, it would mean that thioureas can move through the 
tubular wall only to the same degree as water is reabsorbed. They may move 
- slower than water but not faster. 

(2) Proximal reabsorption of water is limited to 85-90% (Smith, 1951). 
Therefore the portion of curve II in Fig. 10 beyond n=3, which is under dis- 
cussion, simply expresses the limit of proximal reabsorption of water and does 
not give information about the actual values of K}.. 

It should be recalled that the straight lines in the left-hand portion of 
Fig. 9 are only schematic and do not reveal the actual changes of Re along the 
proximal tubule. However, no method is at present available to measure 
proximal clearances other than direct insertion of micropipettes into the tubu- 
lar lumen (Walker & Oliver, 1941; Wirz & Bott, 1954). 

The ultimate level of relative clearances, expressed as Rcg,,, behaves in a 
manner similar to K},. This finding can therefore be explained along similar 
lines, that reabsorption of thioureas follows the reabsorption of water. If for 
high K}, values the u/p ratio approaches a limit, identical for all thioureas, 
then the values of Re,,, must also be the same. 

In. view of these considerations and of the analogous order of the relative 
values of K}, and K}#', it may be assumed for the time being that in the thiourea 
series the same law regulates the behaviour of these solutes in both parts of the 
tubular system ; that is, if their Kp values are sufficiently high, they approach 
equal concentration with the plasma or the extracellular fluid. The possibility 
of transport of thioureas across the tubular wall thus depends on their con- 
centration gradient between tubular fluid and plasma, and like that of urea 
can be considered to be due to physical diffusion, concurrently with water 
reabsorption (Shannon, 1938). However, in contrast to Shannon’s conclusion, 
our results point to equal permeability of proximal and distal tubule for 
thioureas with high K,> values, as evidenced by the similar u/p ratio at the 
end of proximal and distal tubule, and this statement may be true for all 
thioureas, in view of the parallel behaviour of K}, and K¥!. 

The transport across the wall involves passage from the aqueous phase of 
the tubular fluid through the lipoid phase of the epithelium to the aqueous 
phase of the plasma. The rate at which the thioureas are transported across 
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the wall is therefore determined by the change in standard free energy which the 
molecules undergo while passing between aqueous and lipoid phase. The greater 
this change, for a given concentration gradient tubular fluid—plasma, the greater 
the transfer rate. The different levels of reabsorption of thioureas can now 
simply be explained by the fact that the different rates of transfer determine 
how much the reabsorption of these solutes lags behind water reabsorption. 

The method used in this investigation gives information simultaneously 
on the factors governing either proximal or distal reabsorption. Of special 
importance is the fact that it permits us, by extrapolation, to determine the 
clearance at the end of the proximal compartment, so that the over-all change 
between the glomerulus and this point can be evaluated. It may therefore be 
used to localize the action of specific agents. Applications in this direction 
will be given in a future paper. 

In contrast to the final equilibrium condition discussed befors, it is seen in 
Fig. 12 that at very high urine flows methyl diethylthiourea can reach u/p 
ratios below 1. (A similar phenomenon probably also occurs with trimethyl- 
thiourea. However, in this case the u/p ratio decreases only to values around 
0-9.) In view of the fact that all the ‘abnormal’ points are crowded together 
in a very small range, characterized by extremely high values of urine flow, it 
seems probable that this observation does not contradict the general equili- ~ 
brium condition, but suggests a secondary disturbance of equilibrium by 
secretion of water. If water is added to the tubular fluid at any point of the 
distal compartment, equilibrium could be re-established only by transport 
of the solute from plasma to lumen or by reabsorption of the excess water. 
However, under the conditions of extremely high flow, time would not permit 
these processes to take place because of the fast movement of the fluid. The 
pertinent data of Fig. 12 thus raise again the problem of water secretion by 
the tubules and may perhaps provide experimental support for the views 
expressed by Brodsky & Rapoport (1951). The method used in the present 
investigation may be applied to other solutes with large transfer constants 
and may thus shed light on the question of movement of water into the tubular 
lumen. It is evident that the tentative conclusions reached in these studies 
require further experimental support, before a general theory for the renal 
excretion of uncharged inert solutes can be formulated. 


SUMMARY 


1. The renal clearance of thioureas has been measured in relation to urine 
flow (v,). The plots of logarithm of relative clearance against 1/v, give straight 
lines only over limited ranges of urine flow. The general form of this function 
is exponential. 

2. The ‘initial’ slope of these curves is proportional to K HiT the transfer 
constant in the distal compartment, whereas the intercepts aie related to 
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Ki, the transfer constant in the proximal tubule. The same set of experi- 
ments thus gives information about either transfer process. 

3. The relative K}" values of thioureas are a linear function of n, the 
number of carbon atoms attached to the nitrogens of the thiourea. The rela- 
tive K}, values follow the same law, up to a limit defined supposedly by the 
limit of proximal water reabsorption. 

4, Interpretation of the observed clearance behaviour may be based on 
the assumption that the transport of thioureas across the tubular walls is due 
to diffusion. The final concentration in urine of derivatives with very large 
transfer constants should then be limited by a value of u/p=1. In one case 
this ratio fell significantly below unity for very high rates of urine flow. This 
suggests excretion of water into the tubular lumen at a distant point, so that 
contact time is insufficient for re-establishment of equilibrium. 


The authors wish to thank Mr M. Chaimovitz and R. Knafo for their technical help with these 
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The renal adjustments of Reptilia to depletion and excess of water and 
electrolytes are of interest from the standpoint of physiological evolution and 
ecology, since this was the first vertebrate group to become terrestrial, and 
because many species live in arid habitats. In the arid-living reptiles nitrogen 
is excreted mainly as uric acid which is precipitated in the cloaca (Needham, 
1931). The glomeruli in these species are few and small in size (Marshall & 
Smith, 1930). The urine is never hypertonic to the blood (Smith, 1932). The 
antidiuretic effect of injected vasopressin in the alligator, Alligator mississtp- 
prensis, is produced by a reduction in the glomerular filtration rate instead of 
by increased tubular reabsorption of water as in mammals (Burgess, Harvey 
& Marshall, 1933). Heller (1942) demonstrated the presence of an antidiuretic 
principle in the pituitary of the snake, Tropidonotus natriz. Little is known of 
the relationship in Reptilia between the adrenocortical hormones and mineral 
and water metabolism (Chester Jones, 1957). 

The experiments described in this paper were carried out with the lizard 
Trachysaurus rugosus (Gray). It is a viviparous, omnivorous species weigh- 
ing up to 700g, easily domesticated and widely distributed throughout 
Australia. Studies on the plasma and urine composition in their natural 
habitat have been made and responses to water and salt loading, neurohypo- 
physial hormones, deoxycorticosterone acetate (DCA) and adrenalectomy were 
investigated in the laboratory. 


METHODS 


Collection and care of animals. Animals were caught from the beginning of August to the end 
of February. Most of the animals cdme from dry coastal sand-dune country in the vicinity of 
Perth in south-western Australia. In the summer months between the beginning of November 
and the end of March very little rain falls, and shade temperatures are often above 38°C. In 
the laboratory the animals were fed on a mixed diet of fruit, meat and milk. 
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Histology. The methods used have been set out in a previous paper (Bentley, 1955). The 
glomeruli could be clearly seen, owing to the reaction of the blood which they contained when 
macerated with a solution of 5 x-HCL. 

Urine collection. Animals were kept on gauze platforms over funnels. The bladder was emptied 
as required by a combination of suprapubic pressure and catheterization. 

Blood collection. Since no suitable superficial veins were available blood was collected by heart 
puncture in syringes previously rinsed out with a heparin solution (1000 i.u./ml.). 

of solutions. Hypotonic solutions were all given orally. Hypertunic solutions, 
however, caused gastrointestinal disturbances and were therefore given by in 


» injection. McCance & Wilkinson (1947) used this route satisfactorily in rats, as did Albrecht (1950) 


in studying the effects of sea water on mammals. 

Apparent sodium space. As Trachysaurus is virtually anuric when given hypertonic NaCl 
solution, the apparent Na space was calculated from the amount of Na given and the increment 
of Na concentration in plasma water (Eggleton, 1951). Animals were given 1 ml./100 g of their 
body weight of a 6% (w/v) NaCl solution on each of six successive days by intraperitoneal 
injection. No food or water was given to the animals during this period: 


Intake of N 
Apparent Na space (mil.) Na eonea plaame 


Allowance was made for the water injected with the NaCl and the extrarenal water loss. The latter 
was estimated by weight changes over a 5 hr period during which there was no food or water 
intake and no micturition or defaecation. 

Measurement of antidiuresis. The lizards were kept in a room at a temperature of 21+ 1° C. 
Three doses of 5 ml. water/100 g body weight were given at intervals of 1 hr. The bladder was 


emptied 4 hr after the initial dose an 1 urine flow measured during two consecutive 2 hr periods. _ 


In the absence of injections of neurohypophysial extracts the urine flow at this time was at a 
steady rate and varied little during each 2 hr collection period. As the urine flow was slow in 
many experiments it was impracticable to measure the volume directly, since there was a sub- 
stantial loss on the sides of the collecting vessels. Weight changes in the animal immediately before 
and after emptying the bladder by catheterization were found to give a more accurate measure 
of the urine flow. Saline or neurohypophysial extracts were injected intraperitoneally at the 
beginning of the second period. Results are expressed as a percentage antidiuresis: % anti- 
diuresis = {(V, — V,)/V,} x 100, where V, is the urine volume during the 2 hr collecting period 
1953). 

Pituitary extracts. These were made from fresh glands by the method of Heller (1947) after the 
animal had been killed by decapitation. Inactivation of extracts of the lizards’ pituitary was 
performed with sodium thioglycollate (Ames, Moore & Van Dyke, 1950). 

Adrenalectomy. Only animals weighing 300-500 g were used. The animals were anaesthetized 
with 20 mg/kg of sodium pentobarbitone (Nembutal, Abbott Laboratories, Ltd.) and cooled to 
~ 8°C. A mid-line ventral incision was made and the viscera were moved to one side to expose each 
adrenal in turn. The glands lie very close to the vena cava. They were destroyed by 
(Hartman & Brownell, 1949) since dissection was impossible without severe haemorrhage. If 
animals. Post-operatively, animals were kept at 21+ 1° C and fed only on milk. 

Effects of DC A on intact animals. Two groups of ten animals weighing 300-500 g and paired for 
size were used in these experiments. Initial samples of blood were taken for Na and K determina- 
tions. One group was injected intramuscularly with DCA (4 mg/kg) on each of six successive days, 
the other group with an appropriate volume of peanut oil. Both groups were given daily ora! 
doses of 2% of their body weight of a 0-2% NaCl solution, to ensure a reasonable urine flow. The 
seventh day blood was again collected for Na and K analysis. 
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Chemical analyses. Na and K were determined with an ‘EEL’ flame photometer and freezing- 
point depression with a Beckman thermometer. A glass electrode (N. L. Jones) was used to 
measure pH. 


Drugs. Pitocin (oxytocin), Pitressin (vasopressin) and Pituitrin (pituitary extract; Parke, Davis 
and Co.) solutions, and deoxycorticosterone acetate (Percorten; Ciba) were used. 


RESULTS 

Kidney morphology. A kidney from one lizard was studied in detail and less 
complete observations were made on a number of others. The kidney weight 
in relation to body weight was similar to that observed in mammals (Rytand, 
1937). In two lizards weighing 156 and 544 g the weights of a single kidney 
were 615 and 1922 mg respectively. The total glomerular volume on the other 
hand was very low compared to that of mammals. In the 156 g lizard the 
estimated number of glomeruli in a single kidney was 2370 and the average 
glomerular radius 70 », giving a total glomerular volume of 3-413 mm.? In 
a mammal of the same size a glomerular volume of 21-479 mm® would be 
expected (Smith, 1951). The capillary surface appeared to be small, the 
capillaries in the lizard being much wider than those in a mammal such as the 
wallaby, Setonyz brachyurus. A non-vascular core in the glomerulus, described 
in other reptile species by Marshall & Smith (1930), was not seen in Trachy- 
saurus. The renal tubules consist of a wide proximal section with brush border 
epithelium and a narrow distal segment, average diameters 84 and 40 » 
respectively. No intermediate segment, as described by Marshall (1934) in 
other reptiles, was present. Dawson (1951) also found this segment lacking in 
the frog Cyclorana. It would thus appear that such a segment is not necessarily 
a characteristic of these two groups of vertebrates. 

Evaporative water loss. The water loss fro1a the skin and lungs in Trachysaurus 
was estimated under conditions similar to those found in the field. Evaporative 
water loss estimated in four animals (weight range: 186-228 g, mean 213 g) at 
a temperature of 34-5° C and relative humidity 15% was 0-078 g/100 g/hr 
(s.z. +0-011); at 23-5° C with a relative humidity of 52% it was 0-028 g/100 g/ 
hr (s.£. +0-005). A mammal of similar size, such as the rat, loses water by 
evaporation at the rate of 0-55 ml./100 g/hr at 21° C and when dehydrated at 
a rate of 0-24 ml./100 g/hr (Dicker & Nunn, 1957). | 

Urine concentration. Although quantities of urine sufficient for complete 
analysis were difficult to obtain in the field during summer, no urine sample 
formed either in these collections or in those made in the laboratory was found 
to be hypertonic to plasma. The mean freezing-point depression of plasma in 
five animals collected towards the end of the dry season was 0-65° C (s.r. 
' +0-046; range, 0-63-0-71° C). Freezing-point depression of urine was 0-62° C 
+ 0-628 (range, 0-54—0-66° C) in four animals caught at the same time of year. 
The mean Na+K urinary concentration was 159-95 + 10-24 m-equiv/l. In 
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eight animals fed on meat, and kept without water for 2 weeks, the freezing- 
point depression of the urine was 0-46 + 0-13° C and the mean Na+ K urinary 
concentration 72-0 + 18-5 m-equiv/l. The pH of the urine measured in nine 
lizards varied between 4-65 and 5-95. 


Urine flow and water diuresis. Urine excretion was investigated with and — 


without a water load. The mean urine flow of non-hydrated lizards was 0-024 + 
0-005 ml./100 g/hr, (11) (range, 0-0-048 ml./100 g/hr). In animals which were 
given 15 ml. water/100 g the maximum rate of urine flow estimated 4 hr after 
water administration was 1-13 + 0-089 ml./100 g/hr (12). In eight lizards given 
5 ml. water/100 g there was a urine flow of 0-65 + 0-034 ml./100 g/hr for the 
next 5 hr. In 1 hr 10-6+1-61% of the administered water was excreted —_ 
in 5 hr 65-2 + 3-13 %. 


14 


Excretion (% of amounts administered) 
Excretion (m-equiv/kg/hr) 
S 3 


A B c D E 


Fig. 1. Water, Na and K excretion in Trachysaurus. The animals were given an oral dose of 
5 ml./100 g of A, Tap water; B, 50 mm-NaCl; C, 100 mm-NaCl; D, 50 mu-KCl; Z, 100 mu-KCl. 
The urine was collected for 10 hr. White columns, water excretion; black columns, Na excre- 
tion; hatched columns, K excretion. I: water and solute excretion as percentage of dose 
given; II: Total solute excretion in Vertical lines, s.2.; the numbers of 
animals are given in parentheses. 


Excretion of NaCl and KCl. (i) Hypotonic solutions. Water was eliminated 
at much the same rate whether it was given as tap water, or as hypotonic 
solutions of NaCl or KCl at concentrations varying from 50 to 100 mm (Fig. 1). 
The rate of excretion of Na and K remained much the same during the first 
10 hr after administration of NaCl solution, though it had been given in 
different amounts and concentrations. In the subsequent 14 hr there was little 
or no excretion of water or salts. After administration of NaCl solutions there 
was a marked Na retention. However, after giving some hypotonic KC! 
solutions potassium excretion was markedly increased. 
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(ii) Hypertonic NaCl solutions. Five animals (range of body weight, 174-312; 
mean, 221 g) were given 5 ml./100 g body weight of 500 mm-NaCl solution 
intraperitoneally. In the next 10 hr the urine flow was 0-1 ml./10 hr or less in 
all animals. In the succeeding 14 hr three of the lizards remained anuric while 
two of them. excreted a small valume of urine, 1-7 and 3-0 ml. All animals 
appeared in good condition. 

The results were similar in five lizards in which m-NaCl solution was injected 
into the tail muscles at a dose of 2 ml./100 g of body weight, three animals 
being completely anuric in the first 8 hr and two excreting 0-1 and 0-2 ml. 
respectively. Two animals remained anuric for the next 11 hr while the others 
excreted very small volumes. In contrast to these results the injecti6n of | 


TaBLE 1. Plasma Na and K concentrations in Trachysaurus estimated in August 
and January-February 
Plasma concentration (m-equiv/I.) 


Na K 
151-87 + 1-57 3-46+0-139 
(10 animals) (147-82-156-52) (2-85-4-10) 
January-February 195-88 + 7-10 4-59 + 0-126 
(12 animals) (162-16-242-20)  (4-01—5-64) 


Values are given as means +58.z.; in parentheses, range. 


Tassie 2. Effects of NaCl administration on plasma Na and K concentration. 
1 ml./100 g of 6% (w/v) NaCl solution was given on each of the first 6 days 


Plasma concentration (m-equiv/l.) 


“Ist day 7th day lith day 
Na 148104221  228-4143-16 232-854. 3-55 
K 3-2140-083 36240-104  3-7210-313 


Values are means +8.&. for nine animals. 


2 ml./100 g of a 2 m sucrose solution resulted in a diuresis. The urine flow in 
six animals rose from 0-027 +0-007 to 0-490 + 0-100 ml./100 g/hr in the first 
8 hr after injection, but dropped off to 0-104 + 0-042 ml./100 g/hr in the next 
11 hr. The urine volume however would have been insufficient to clear the body 
of the injected sucrose. 

Plasma electrolytes. The inability of Trachysaurus to excrete electrolytes, 
especially Na, is accompanied by large variations in plasma electrolyte con- 
centrations (Tables 1 and 2). None of these animals with high plasma Na levels 
showed any apparent ill effect. | 

The apparent Na space estimated in animals given 1 ml./100 g of a 6% (w/v) 
NaCl solution on each of six successive days was 61-07 + 276% of the body 
weight. The total body water in three animals dried-to constant weight at 
105° C was 66-6 + 3-21 % of the body weight. This suggests that administered 

~ Na comes into osmotic equilibrium with the total body water, as found in 
mammals by Conway & McCormack (1953). 
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Hormonal effects on water and electrolyte metabolism. (1) Neurohypophysis. 
The effects on urine flow of injections of solutions of Pitressin, Pitocin and 
Pituitrin were measured. Both Pitocin and Pitressin have an antidiuretic 
effect (Fig. 2). There was no statistically significant difference between the 
effects of equal doses of Pitressin or Pitocin. Pituitrin appeared to give an 
effect equivalent to the sum of its constituent fractions. Extracts made from 
the pituitaries of three lizards injected into six hydrated Trachysaurus pro- 
duced a marked antidiuresis. Extracts of two Trachysaurus pituitaries, treated 
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Fig. 2. The effects of posterior pituitary extracts on urine flow of hydrated lizards estimated as 
% entidiuresis. A, control; B, Pitressin 30 m-u./100 g; C, Pitocin 30 m-u./100 g; D, Pitressin 
60 m-u./100 g; #, Pitocin 60 m-u./100 g; F, Pituitrin 30 m-u./100 g. An analysis of variance 
showed that there was no statistical differences within the groups (ii) and (iii), while between 
any two of the groups (i), (ii) or (iii) the difference was always highly significant (P< 0-001). 
Error variance from the analysis of variance was (331-815)? on 48 degrees of freedom, The 


experiments were performed on a total of nine animals. 
increased urine flow. 
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previously with sodium thioglycollate and injected into two hydrated lizards, 
had no antidiuretic effect. As fammalian neurohypophysial fractions are 
destroyed by this treatment (Ames et al. 1950), these results may suggest that 
the antidiuretic effect of Trachysaurus pituitary extracts is due to polypeptides, 
as is the case in mammals. 


Tase 3. Effects of adrenalectomy on the plasma Na and K concentrations (m-equiv/I.) 


of Trachysaurus 
Sham-operated Adrenalectomized 


A 


Na n* n* 
Initial 156-05 + 2-83 3-61+0-19 10 159-55 + 4-95 3°52+0-31 8 
2%hr 157024263 3294018 10 160064434 4624021 8 
48 hr 154-744 2-13 3-13+0-15 10 158-98 + 6-04 7°23 + 1-52 6 
- The results are given as the mean +8.x. Values of P for differences between means: Sham- 
operated 24 hr K and adrenalectomized 24 hr K, t= 4-862, P< 0-001 ; Sham-operated 48 hr K and 
adrenalectomized 48 hr K, ¢ = 3-513, P< 0-01. 


Taste 4. Effects of daily injections DCA (4 mg/kg/day) and of saline 2 mi./100 g for 6 days on 
the plasma Na and K concentration (m-equiv/l.) of Trachysaurus 


Initial 7th day 
Ne Ne 
Control plus saline  3-6940-09  146-4141-30  3-28+0-20 
DCA plus saline 151-3041-69 3494015 162214183  2-9940-14 


_ The results are the means +8.z. of two groups each of 10 lizards. 
Values of P for differences between means: Na initial control and Na 7th day control, ¢ = 2-919, 
P<0-01; Na 7th day control and Na. 7th day DCA, t=2-573, P< 0-02. 


(2) Adrenalectomy. The mortality of thirteen successfully adrenalectomized 
animals was: nil in 24 hr, 23% in 36 hr, 54% in 48 hr, 85% in 60 hr, 92% in 
72 hr, 100% in 84 hr. Sham-operated animals all lived for the 8 days they 
were observed, The lizards initially recovered well from the operation and were 
alert and active, drinking at the bow] of milk provided. A sudden deterioration 
in condition set in within about 12 hr of death. After 24 hr the plasma K 
concentration was significantly higher than in the sham-operated animals and 
at 48 hr was higher still. The plasma Na concentrations did not change 
significantly (table 3). 

(3) Deoxycorticosterone acetate. The effects on plasma electrolytes of DCA 
injections, 4 mg/kg/day for six successive days, were measured. At the end of 
the experimental period Na concentrations of the control animals had dropped 
while those of the animals injected with DCA had risen (Table 4). The fall of 
plasma Na concentrations in control animals was not explained. 


DISCUSSION 


The possible advantages to arid-living reptiles of a low glomerular filtration 


surface in helping them to reduce urine flow was first pointed out by Marshall 
& Smith (1930). Dicker & Nunn (1957) have shown that in the dehydrated rat 
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urine flow may be as low as 0-5 ml./100 g/24 hr whereas normally it is about 
3-5 ml./100 g/24 hr. In Trachysaurus with food and water the urine flow was 
0-57 ml./100 g/24 hr. The indications are that when water is scarce they may 
become anuric. Dicker (1949) has shown that rats hydrated with 5 ml. water/ 
100 g excrete 82 % of the administered water in 2 hr. In contrast, Trachysaurug 
excretes 11°% of the same amount in 1 hr and 65% in 5hr. Although the 
lizards’ ability to deal with water is obviously considerably inferior to that of 
mammals of similar size, it does show a surprising efficiency when the very 
low glomerular filtration surface is considered. Perhaps water may move 
through the renal tubule cells, as has been shown in frogs (Swanson, Moshi 
& Visscher, 1956). 
The response of Trachysaurus to administration of NaCl solutions shows 
some remarkable similarities to that of new-born mammals. As in new-born 
piglets (McCance & Widdowson, 1956, 1957), water is excreted more readily 


than Na after administration of hypotonic NaCl solutions. As in new-born rats, 


and infants (McCance & Wilkinson, 1947; Dean & McCance, 1949), administra- 
tion of hypertonic NaCl solution does not induce a diuresis, although, as in 
new-born rats (Dicker, 1951), hypertonic sucrose solution does. These resem- 
blances can probably be attributed to the inability to form a hypertonic urine. 
(In new-born mammals the urine is at most only slightly hypertonic (McCance 
& Young, 1941; McCance & Wilkinson, 1947)). It is possible that a restricted 
glomerular filtration surface, temporary in mammals and permanent in 
Trachysaurus, also plays a part in the poorer ability to excrete water and salts. 
The excretion of K failed to increase with increased administration of NaCl 
solution, and this was found to be the case in piglets also but not in adult 


mammals (McCance & Widdowson, 1957). The oliguria and anuria produced | 


in Trachysaurus by hypertonic NaCl solutions may have been due to a closure 
of the glomeruli. As Trachysaurus like other lower vertebrates (Smith, 1951) 
has a renal portal system, renal tubular secretion might persist despite cessa- 
tion of glomerular filtration. 


Trachysaurus can deal more efficiently with administered KCI solution than 


with NaCl solution. This may be due to renal tubular secretion of K, as demon- 
strated in mammals by Berliner & Kennedy (1948). The increase in Na 
excretion with K loads, as seen in T'rachysaurus, has also been observed in 
mammals (Chester Jones, 1956). This has been ascribed to the inhibition of 
the Na+-H+ exchange system, which depends on the action of carbonic 
anhydrase in the renal tubule (Berliner, Kennedy & Orloff, 1951). It has been 
observed in Trachysaurus (Bentley, unpublished observations) that small doses 
of acetazoleamide (Diamox) result in the formation of an alkaline urine, 
suggesting that carbonic anhydrase i is probably involved in urine formation in 
this reptile. 


That the neurohypophysis participates in regulating urine flow in T'rachy- 
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saurus is not surprising, as it has been shown to do this in many of the lower 
vertebrates (Heller, 1950). Burgess e al. (1933) found that the alligator 
exhibited an antidiuresis to vasopressin but not to oxytocin. This has been 
subsequently confirmed by Sawyer & Sawyer (1952). T'rachysawrus, however, 
shows an antidiuresis of similar magnitude to both mammalian neurohypo- 
physial fractions. In the Amphibia, frogs of the genus Rana are most respon- 
sive to oxytocin while in the genus Bufo vasopressin is more active (see 
Landgrebe, Ketterer & Waring, 1955). Ewer (1952) has shown that the toad 
Xenopus laevis increases its water uptake through the skin after injection of 
both mammalian fractions. 

Adrenalectomy in T'rachysaurus results in an increase in plasma K concen- 
tration which is the usual result of such an operation in mammals. The Na 
however does not change in concentration, in contrast to the decrease in 
concentration seen on most such occasions in mammals (see Chester Jones, 
1957). If the Na depletion is principally mediated through changes in the renal 
tubule (Hartman & Brownell, 1949) this response of Trachysaurus is not 
surprising. Glomerular surface and urine flow are normally small and closure 
of glomeruli could reduce still further the amount of sodium presented for 
reabsorption by the renal tubules. Survival time after adrenalectomy was not 
long but compared well with that of other species of lizards (Chester Jones, 
1957). The repeated collection of blood may have shortened survival time. 
Injections of DCA result in an increase in plasma Na concentration. Similar 
results have been obtained in the lizard Agama agama injected with ACTH 
(Wright & Chester Jones, 1957). 

Trachysaurus living in an arid habitat during the hot summer months, 
unable to form a hypertonic urine, would be expected to be placed at a con- 
siderable disadvantage as regards water conservation. Virtual cessation of 
urine flow, probably by glomerular ‘shut down’, would conserve body water 
at the expense of abandoning maintenance of the constancy of body fluid 
composition. However, some substances such as uric acid can be excreted by 
tubular secretion in reptiles (Marshall, 1932) and K can no doubt be eliminated 
similarly. These substances normally being present in low concentrations in 
the plasma would not require very much urine for their excretion, despite the 
low total urinary concentration possible. As a result of continued water loss, 
mainly by evaporation, the concentration in the plasma of other substances 
such as Na must rise. In these circumstances the remarkable tolerance of 
Trachysaurus to hypernatraemia and increase in intracellular concentration, 
far greater than observed in mammals (Knowles, 1956), must contribute sig- 
nificantly to their survival. 
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SUMMARY 


1. When compared to a mammal of similar size Trachysaurus has a reduced 
glomerular volume-and normal kidney weight. The renal tubule consists of 
a proximal and a thinner distal segment with no intermediate section. 

2. Urine flow is very small and is never hypertonic to the blood plasma. 
Water loads are not excreted as efficiently as in mammals. Extrarenal water 
loss is very small. 

3. NaCl administered in hypotonic solution is excreted very poorly, water 
being excreted in greater measure than Na. KCl in hypotonic solution is 
excreted more efficiently than NaCl. 

4. Administration of hypertonic NaCl solution fails to produce an osmotic 
diuresis. Administration of hypertonic sucrose solution initially brings about 
an increase in urine flow, which decreases, however, before the sucrose is 
excreted. 

5. The lizards can withstand very high degrees of hypernatraemia, levels 
around 230 m-equiv/l. being produced experimentally without apparent ill 
effect. The normal plasma Na concentration is about 150 m-equiv/l. In the 
summer, field animals also have a higher plasma Na (195 m-equiv/l.). 

6. Trachysaurus exhibits antidiuresis equally to injections of Pitocin and 
Pitressin. The pituitary of the animal contains an antidiuretic substance which 
can be inactivated by sodium thioglycollate. 

7. Adrenalectomy results in a rise in plasma K concentration without change 
in the Na concentration. 

8. Injections of DCA and dilute NaCl solution produce a higher plasma Na 
concentration than occurs in controls given NaCl solution only. 


This work was carried out with the aid of a research grant from The University of Western 
Australia. Mr N. Stenhouse of C.S.I.R.O. kindly performed the analysis of variance given with 
Fig. 2. I am grateful to Professor W. J. Simmonds for assistance with the manuscript. 
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THE INTESTINAL ABSORPTION OF SOME DIPEPTIDES 


By H. NEWEY anp D. H. SMYTH 
From the Department of Physiology, University of Sheffield 
(Received 13 June 1958) 


Fisher (1954) has recently discussed the form in which protein is absorbed from 
the intestine, and has concluded that the evidence for the classical view of 
absorption as amino acids is less satisfactory than has usually been supposed. 
He has also suggested that the idea of absorption of protem in the form of 
peptides deserves serious consideration. Very little information is available on 
absorption of peptides from the intestine, apart from a brief report by Agar, 
Hird & Sidhu (1953), who investigated a few peptides in vitro. It was therefore 


decided to carry out an investigation on the passage of peptides through the 
intestinal mucosa. The present work deals with four different dipeptides and a 
preliminary account has been given by Newey & Smyth (1957). 


METHODS 


The general principle was to study the passage of dipeptides across the intestinal mucosal barrier, 
and in particular to observe whether the peptides or the constituent amino acids appeared on the 
other side of the barrier. The dipeptides used were glycyl-glycine, glycyl-t-leucine, glycyl-1- 
tyrosine and DL-alanyl-pi-alanine. Both in vitro and in vivo procedures were used for studying 
absorption. In both types of experiment solutions containing the dipeptides were placed im con- 
tact with the mucosa. In the experiments in vitro dipeptides and amino acids were sought for in 
the solution bathing the serosal surface of the intestine, and in the experiments in vivo in the 
venous mesenteric blood draining the section of intestine containing the dipeptides. 

In vitro. Three different techniques were used: (1) the sac of the everted small intestine 4s 
described by Wilson & Wiseman (1954); (2) the isolated intestinal preparation described by Wise- 
man (1953), as modified by Smyth & Whaler (1953); and (3) the preparation of isolated rat 
intestine suspended in air, as described by Smyth & Taylor (1954). In referring to these tech- 
niques, the term ‘mucosal fluid’ means the fluid in contact with the intestinal mucosa; that is, in 
the case of the everted sacs it is the fluid in which the sacs are suspended and in the other in vitro 
techniques it is the fluid which is circulated through the loop of the intestine. The term ‘serosal 
fluid’ refers to the fluid in contact with the serosal surface of the intestine; that is, in the case of 
the everted sacs it is the content of the sac, and in the other in vitro techniques it is the solution 
in which the outer surface of the intestine is bathed, or the solution which passes across the 
intestine and collects on the outer surface. 

The sacs of everted intestine, approximately 12 cm long, were made from the jejunum of the 
rat. Each sac held 3 ml. Krebs—Ringer—phosphate solution (Krebs, 1933), containing 200 mg 
glucose/100 ml., and was suspended in 4 ml. of the same solution, to which the dipeptide was 
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added. The sacs were shaken in standard Warburg flasks for 60 min at 37° C and the mucosal and 
serosal fluids then collected and examined for dipeptides and amino acids as described in the sub- 
sequent section. 

In the other tm vitro methods the saline was circulated through isolated segments of intestine. 
One important difference between the two in vitro techniques must be remembered in interpreting 
the resulta. In one preparation (Wiseman, 1953) the isolated intestine is bathed in an outer 
serosal fluid so that fluid and solutes passing through the wall are diluted considerably. In 
the second (Smyth & Taylor, 1954) the intestine is suspended in air, and the solution passing 
25-50 ml. bicarbonate-saline (Krebs & Henseleit, 1932) containing 20v or 500 mg glucose /100 ml. 
and the dipeptide. In the preparation with the outer fluid, this consisted of 30 mL. bicarbonate-saline 
with the same concentration of glucose as the mucosal solution. The duration of the experiment 
was 60 min at 37° C. 

In vivo. The in vivo methed was that of Matthews & Smyth (1954), in which the vein draining 
a loop of the intestine is cannulated and the blood collected. A solution containing the dipeptide 
dissolved in NaCl solution 0-9% (w/v) was placed im the intestine, and the mesenteric blood 
procedure were as follows. A dog was anaesthetized by intravenous injection of pentobarbitone 


The cannula draining the vein from the loop was attached to a polythene tube which was brought 
out through a small hole in the abdominal wall. Immediately outside the abdomen it passed 
through ice-cold water, and the blood was then collected im a measuring cylinder. The cooling 
would reduce enzyme activity and pethaps also the rate of passage of amino acids or peptides into 
the red cells although, as Christensen, Cooper, Johnson & Lynch (1947) have shown, movement 
of glycine into erythrocytes is very slow. A sample of blood was collected from the vein for a 
period of 5-10 min. After the collection of this control sample the dipeptide was injected into 
the loop of the intestine. The collection of the second sample of blood was now commenced, and 
continued for a period of 10-25 min. The blood flow in the various experiments varied from 7— 
18 ml/min. The volume of blood collected was measured, and the haematocrit value was deter- 
contents were heated to boiling-point to stop enzyme activity and were analysed for amino acids 
and dipeptides. 
determined on protein-free filtrates of plasma or intestinal fluids according to the method of 
Alexander, Landwehr & Seligman (1945) as modified by Christensen, Riggs & Ray (1951). Free 
glycine was determined directly on one sample and total glycine on a second sample after hydro- 
lysis with 2 vol. concentrated HCi in a sesled tabe at 105-110° C for 24 hr. The tube was then 
opened, the contents were washed out into a vacuum distillation apparatus and, after evaporating 
twice to dryness to remove hydrochloric acid, the residue was dissolved in a volume of water 
sufficient to give a concentration of glycine suitable for estimation. The recoveries of glycine 
added to saline solutions and to plasma varied from 94 to 106%. The recovery of dipeptide in 
saline varied from 94 to 110% and in plasma from 92 to 112%. 
Chromatographic analysis of amino acids and dipeptides. Samples of 20-60 pl. were taken from 
the solution to be tested and with no preliminary treatment ‘spotted’ immediately on Whatman 
No. 1 Paper. In order to obtain an approximate estimate of the peptide and amino acid on the 
chromatograms, solutions containing known amounts of the substances were also run, and in some 
used were butanol-acetic acid—water (40:10:50) and propanol-water (80:20). The butanol— 
4 PHYSIO. CXLV 


sodium. The abdomen was opened and a loop of the small intestine was selected, about 20 cm long 
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acetic acid—water solvent was used for glycyl-leucine and glycyl-tyrosine, and propanol—water for 
glyeyiglycine and alanyl-alanine. The chromatograms were run for 24-72 hr at 18° C. They were 
dried at room temperature and sprayed with 0-1 % ninhydrin in butanol. 


RESULTS 
In vitro experiments with sacs of everted small iniestine 

These were in the nature of preliminary experiments and were confined to 
chromatographic analysis of the solutions. Experiments were restricted to 
glycyl-.-tyrosine and glycyl-t-leucine. The peptide was initially present in the 
mucosal solution in a concentration of 500 mg. /100 ml. The sacs were incubated 
for 1 hr and the serosal solutions were then examined. It was found that the 
final serosal solution contained no peptide but considerable amounts of the 
constituent amino acids. These preliminary experiments suggested that the 
peptide was transferred as amino acid. 


In vitro experiments with isolated intestine suspended in atr 

Experiments with this preparation, followed by chromatographic analysis, 
confirmed the results of the experiments with everted sacs. Further experi- 
ments were then undertaken, in which the peptide was estimated quantita- 
tively. Glycyl-t-leucine, glycyl-L-tyrosine, and glycyl-glycine were used and 
the results of the experiments are shown in Tables 1 and 2. In Table 1 the 
results from one experiment with glycyl-1-leucine are given in some detail 
to illustrate the method of calculation. It is seen that of the 125 mg of di- 
peptide originally present in the mucosal fluid, 44 mg was still present at the 
end of the experiment, and in addition 23 mg of glycine (equivalent to 58 mg 
dipeptide). There is thus at the end of the experiment a concentration of 
215 mg glycyl-t-leucine/100 ml. In spite of this, no appreciable dipeptide 
appeared in the serosal fluid although it contained 6 mg of glycine (equiva- 
lent to 15 mg of glycyl-1-leucine). It thus appears that, even if a high con- 
cehtration of dipeptide is present inside the intestine, it does not appear in 
the serosal fluid. Table 2 summarizes the results of a number of other experi- 
ments which were similar to those shown in Table 1. Of the dipeptides used, 
it is seen that only in the case of glycyl-glycine is any appreciable amount of 
dipeptide found in the serosal fluid, and even in this case the amount is small 
compared with the amount of glycine present. 


The fact that very little peptide appears in the omcenl fluid might be due 


to (1) the inability of peptide to pass through the intestinal barrier, (2) the 
hydrolysis of peptide while it is passing through the intestine, or (3) the hydro- 
lysis of peptide in the serosal fluid. That this third possibility exists was shown 
by the fact that the serosal fluid was found to have a marked peptidase acti- 
vity. It was therefore not possible to conclude from these experiments that 
peptides cannot pass through the intestinal barrier, but only that in these 
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particular conditions they were not found in the serosal fluid. There are 
various ways in which the effect of peptidase in the serosal fluid can be re- 
duced. One method is to take drops of fluid from the surface of the intestine 
as soon as they appear, so that there is little time for peptidase activity to 
occur. Another is to chill the fluid dropping from the intestine by surrounding 
it with an ice jacket, while still maintaining the intestine at 37° C. Both these 
procedures were used but in no experiment was there any substantial amount 
of peptide in the serosal fluid. A third method of reducing peptidase activity 
is discussed in the next section. 
TaBce 1. Transfer of glycyl-t-leucine by the in vitro intestinal preparation. The initial mucosal 
solution was 25 ml. Krebs bicarbonate-saline containing 200 mg glucose and 500 mg glycyl- 
L-leucine/100 ml. Initial amount of peptide 125 mg; duration of experiment 1 hr 


Con age glycine before hydrolysis (mg/100 ml.) 
cn. 0 184 
Conen. of glycine after hydrolysis (mg/100 ml.) 198 185 
in glycine on hydrolysis (mg/100 ml.) 86 1 
valent concn. of peptide (mg/100 ml.) 215 2 
Amount of glycine (mg) 6 
Amount of peptide (mg) 44 0 


Tasiz 2. Transfer of dipeptides by the in vitro intestinal preparation. The initial mucosal solu- 
tion in all cases was 25 ml. bicarbonate-saline containing 50 mg glucose (200 mg/100 ml.) 
and 125 mg peptide. Duration of experiment 1 hr 


Final mucosal solution Final serosal solution 
glycine dipeptide glycine dipeptide 

Dipeptide (mg) (mg) (mg) (mg) 
Glycyl-t-leucine 25-7 15-8 3-4 0-0 
31-5 42-4 6-1 0-0 

35-0 6-0 5-8 0-0 

23-0 44-0 6-3 0-0 

Glycyl--tyrosine 21-0 8-5 4-7 
17-0 18-4 4-9 0-0 

18-8 42-5 5-7 0-0 

19-6 32-5 5-4 0-0 

Glycyl-glycine 33-5 40-1 15-2 0-4 
36-0 42-3 16-5 0-4 

48-4 48-0 20-2 0-8 

36-7 66-8 79 0-7 


In vitro experiments with intestine suspended in bicarbonate-saline 

It seemed probable that the high peptidase activity of the serosal fluid might 
be reduced by using the form of preparation where the intestine is bathed in 
a serosal fluid, so that the peptidase will be greatly diluted. In these experi- — 
ments the fluids were only tested chromatographically, but a rough quantitative 
estimate was made by running markers of known strength. The results were as 
follows. In four experiments with glycyl-.-leucine, 500 mg of peptide/100 ml. 
was initially present in the mucosal fluid, with no peptide 1 in the serosal fluid. 
At the end of the experiment no peptide was found in the serosal fluid, 
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large amounts of glycine and leucine were present, and the peptidase activity 
of the serosal fluid was very low. In three experiments with glycyl-glycine, 


with 400 mg peptide/100 ml. initially present in the mucosal fluid, less than 


10 mg peptide/100 ml. was present in the final serosal fluid, while more than 
100 mg glycine/100 ml. was present. Again, there was a very low peptidase 
activity in the serosal fluid. Two similar experiments were also done with DL- 
alanyl-pL-alanine, which could not be estimated quantitatively by the method 
used for the other dipeptides. In these experiments the initial concentration 
of peptide was 400 mg/100 ml. in the mucosal fluid. At the end of the experiments 
less than 10 mg/100 ml. was in the serosal fluid and the concentration of 
alanine was about 100 mg/100 ml. No observable peptidase activity was 
present in the final serosal fluid. These experiments suggest that the hydro- 
lysis of the dipeptides to amino acids does not take place after the dipeptides 
have appeared in the fluid, but rather that the amino acids, as such, are added 
to the serosal fluid by the intestine. 

In the experiments just described the critical factor is the peptidase activity 
in the serosal solutions. Further experiments were therefore carried out in 
order to obtain more quantitative information about the peptidase activity. An 
experiment was carried out with glycyl-glycine initially present in the mucosal 
fluid only. After 60 min the serosal solution was removed and to this was added 
an amount of glycyl-glycine, which from previous experience was guessed to be 
necessary to produce the total glycine present in the serosal fluid. The serosal 
fluid was now incubated separately for a further 60 min and the total glycine 
again estimated. The increase in glycine during the second 60 min period 
was due to peptidase activity in the serosal fluid, and from this increase it 
could be judged whether the peptidase activity was capable of producing the 
amount of glycine actually found at the end of the first 60 min. In an experi- 
ment of this kind it might be argued that the peptidase activity was possibly 
inhibited by the high concentration of glycine present. Therefore a second 
experiment was done, similar to the first, except that no glycyl-glycine was 
present at the beginning of the first 60 min period, but this was added to the 
serosal fluid at the beginning of the second incubation period. The results of 
these experiments were as follows. 

In the first experiment the intestinal preparation was incubated for 60 min 
with 400 mg glycyl-glycine/100 ml. and 200 mg glucose/100 ml. in the mucosa! 
fluid, while the serosal fluid consisted of 30 ml. bicarbonate-saline with 200 mg 
glucose/100 ml7but no peptide. After 1 hr the serosal fluid was removed and 
the volume was found to be 35 ml. Of this, 5 ml. was used for glycine estima- 
tion; to the remaining 30 ml. was added 28 mg glycyl-glycine, and this was 
incubated for a further 60 min. At the end of this period the glycine was esti- 
mated. The glycine content of the total serosal fluid at the end of the first 60 min 
was 21 mg, and therefore the amount of glycine in 30 ml. was 18mg. The 
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glycine content of 30 ml. serosal fluid at the end of the second 60 min was 
20-6 mg. The increase in glycine during incubation of 30 ml. of serosal fluid 
during the second 60 min period was thus 2-6 mg. Since this was produced 
by the peptidase activity of 30 ml. serosal fluid, the total peptidase activity, 
i.e. in 35 ml., could have produced 3-0 mg. Since the amount of glycine present 
at the end of the first 60 min was 21 mg it is evident that only a small amount 
of this could have been produced by peptidase activity in the serosal fluid and 
it must therefore have been added to the serosal fluid as glycine. 

In the second experiment, where no glycyl-glycine was present initially in the 
mucosal fluid, the final serosal fluid, when incubated with 100 mg peptide/100 ml. 
for a further period of 60 min, produced 2 mg glycine. This confirmed the 
very low activity of peptidase jn the serosal fluid, and it is clear that this 
would be incapable of producing the amount of glycine present, when ex- 
periments were carried out with peptide initially present in the mucosal 
fluid. 

In vivo experiments 

In these experiments the blood was collected from the loop of the dog 
intestine before and after introduction of the peptide solution into the loop. 
Experiments were done with three different dipeptides, and the results are 
given in Table 3, which shows an analysis of the loop contents at the end of 
the experimental period, and an analysis of the plasma during the control 
period before introduction of peptide and also during the absorption of pep- 
tide. The term ‘bound glycine’ is used instead of peptide for the following 
_ reasons. The increase in glycine content on hydrolysis is the measure of the 
peptide present. The plasma sample taken in the pre-absorption period shows 
a small increase in glycine content on hydrolysis, and therefore contains a 
small amount of some substance which liberated glycine on hydrolysis. It 
is not known, however, what this particular substance was, and therefore the 
figures for glycine cannot be converted to peptide by multiplying by the 
appropriate factor. It is therefore given as ‘bound’ glycine. Since this value 
must be subtracted from the value obtained during the absorption period, this 
is also given as ‘bound’ glycine. The increase in ‘bound’ glycine in the plasma 
_ during the absorption period over the ‘bound’ glycine in the pre-absorption 
period gives the amount of ‘bound’ glycine absorbed, and this could be con- 
verted to peptide by multiplying by the appropriate factor. The necessity to do 
this does not arise, because the increase in the ‘bound’ glycine is in all cases 
very small. The largest amount of ‘bound’ glycine absorbed was obtained in 
an experiment with glycyl-glycine included in the table. The ‘bound’ glycine 
in the plasma during the absorption period was 12-0 mg/100 ml., an increase 
of 11-3 mg/100 ml. over the ‘bound’ glycine of plasma in the pre-absorption 
period. This corresponds to 10-0 mg glycyl-glycine/100 ml. The increase in 
free glycine in the absorption period over the pre-absorption period was 
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134 mg/100 ml. and hence even in this case it is clear that the greatest part of 
the peptide absorbed appears in the plasma in the form of amino acid. The 
difficulty in expressing the amount of peptide does not arise in the case of 
the content of the loop, and therefore it is given as peptide, and not as ‘bound’ 
glycine. 

TaBLE 3. Absorption of dipeptides from loops of intestine of the dog. The figures give the con- 
centrations of glycine and ‘bound’ glycine present in the mesenteric plasma draining the loop 
before and during absorption of the peptide, and also the absolute values for the amounts of 

. glycine and dipeptide present in the loop at the beginning and end of the absorptive period 


Mesenteric plasma 
" Control period Absorption period Contents of loop 
i ‘Bound’ ‘Bound’ Final 
Glycine glycine Glycine glycine — 
(mg/ (mg/ (mg/ (mg/ Duration Glycine Peptide Glycine Peptide 
Peptide 100ml.) 100ml.) 100ml.) 100mi.) (min) (mg) (mg) (mg) (mg) 
Glycyl-t- 746 0 25-7 0-0 16 0 120 10 0 
3-8 0-4 167 1-4 13 0 150 27 2 
6-5 0-3 38-3 0-0 20 ) 200 29 27 
Glycyla- 47 0-6 25-3 0 20 0 200 
tyrosine 
Glycyl- 3-3 0-7 137 12-0 20 0 200 26 58 
20 0 110 7 34 


glycine «5&7 0-8 94 0-6 


DISCUSSION 


The results show that when solutions containing dipeptides are in contact 
with the intestinal mucosa, most of the dipeptide appears on the other side 
of the mucosal barrier in the form of amino acids. Only in the case of glycyl- 
glycine was there evidence of appreciable amounts of peptide in the blood 
or serosal fluid, and even in this case the peptide found accounted for only a 
small part of that disappearing from the mucosal side. The original problem 
was the form in which proteins were absorbed into the blood stream, but it 
now seems essential to re-state this in more precise terms. There are in fact 
two problems: (1) What is the form in which protein enters the mucosal cells 
from the intestinal lumen? (2) What is the form in which it enters the blood 
stream from the mucosal cells? The first question is difficult to answer, since 


it is uncertain in the present experiments how much hydrolysis takes place — 


in the lumen of the intestine. The products of hydrolysis may be removed very 
rapidly so that the final composition of the mucosal fluid does not give any 
information about the amount of hydrolysis which has occurred. It is indeed 
possible that unchanged peptide can enter the mucosal cells from the intes- 
tinal lumen. 

The second question is one to which a more definite answer can be given, and 


from the present results it can be concluded that dipeptides from the intes- 


tinal lumen appear in the blood stream chiefly in the form of amino acids. 
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Since our preliminary communication was published (Newey & Smyth, 1957), 
a brief report has appeared by Johnston & Wiggans (1958) in which very similar 
results have been obtained with L-alanyl-L-phenylalanine and p1-alanyl- 
pL-phenylalanine. 

Fisher (1954) has suggested that the time required for production of amino 
acids by digestion is too great to allow complete break-down of proteins to 
amino acids in the intestine before absorption. It is possible, however, that 
peptides may enter the mucosal cells and be hydrolysed intracellularly into 
amino acids. 

In discussing the form in which proteins are absorbed, consideration must 
be given to the size of molecule which can pass through the intestinal mucosa. 
It has been frequently pointed out that protein molecules can pass through 
the intestinal barrier, as is shown by immunological or anaphylactic reactions. 
It appears to us that evidence of this kind is not very relevant to the problem. 
The question is whether substances pass through the intestinal barrier at a 
rate sufficiently rapid to account for absorption of the amount of protein 
required by the animal, and the amount of protein required to demonstrate 
an, immunological reaction and that required to keep an animal in protein 
balance are of a different order of magnitude. An anaphylactic reaction has 
been produced in guinea-pigs sensitized by 0-05 ug ovalbumin after injection 
of 1 wg antigen (Coulson, Stevens & Shimp, 1949), and immunological 
reactions are also caused by very minute amounts of protein. 

The results of the present investigation indicate that, for the particular 
peptides used, at most only a very small fraction of the amount introduced 
into the intestinal lumen can cross the intestinal barrier as such, and most of 
it appears in the blood stream in the form of amino acids. The work is being 
extended to polypeptides. 


SUMMARY 


1. A study was made of the transfer of a number of dipeptides by the 
intestine both in vivo and in vitro. 

2. In both methods the dipeptides disappeared from the mucosal side, but 
only very small amounts appeared on the serosal side. 

3. Most of the dipeptides transferred appeared on the serosal side as the 
constituent amino acids. | 

4. The relation of these findings to absorption of proteins is discussed. 

The expenses of this work were defrayed by grants from the Medical Research Council and from 
John Wyeth and Brother, Ltd. We are indebted to Mr R. Snelson for technical assistance. 
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COMPETITION BETWEEN ENANTIOMORPHS OF AMINO ACIDS 
DURING INTESTINAL ABSORPTION 
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(Received 14 August 1958) 


Kamin & Handler (1952) investigated the possibility of competition between 
various amino acids for absorption from the intestine, and concluded that 
although the rate of absorption of one amino acid was depressed by the 
presence of another amino acid, there did not appear to be the specific com- 
petition which they had found in the kidney (Kamin & Handler, 1951). Pinsky 
& Geiger (1952) also studied competitive inhibition in intestinal absorption 
and found that tryptophane inhibited the absorption of histidine. More 
extensive study of competition between amino acids for absorption was made 
by Wiseman (1955) with an im vitro technique, and methionine was found to 
have a considerable capacity for inhibiting the absorption of a number of 
amino acids. The present work was undertaken to determine whether methio- 
nine had a similar effect in vivo, and also to study whether the competition is 
limited to L-enantiomorphs. While this work was in progress Hird & Sidhu 
(1957) reported somewhat similar studies 1m vivo on the same amino acidg as 
we were using, methionine and histidine. Our work confirms their resul%s so 
far as L-methionine and t-histidine are concerned, but differs somewhat 
as regards competition between the L- and D-enantiomorphs. A preliminary 
account of the work has been given by Jervis & Smyth (1958). 


METHODS 


The method for studying absorption was that of Sheff & Smyth (1955) as modified by Jervis, 
Johnson, Sheff & Smyth (1956). By this technique it is possible to study the absorption of a 
substance or substances for two separate periods in the same animal, and hence to reduce the 
individual variations due to weight, length of intestine and other uncontrollable factors, which 
arise when results from different animals are compared. 

White rats weighing 200-300 g were used and were anaesthetized with pentobarbitone sodium. 
The amino acids used were D- and L-histidine and p- and L-methionine. They were dissolved in 
NaCl solution 0-9% (w/v) and 30 ml. was introduced into the reservoir of the apparatus and 
allowed to circulate through the intestine. At the end of the experimental period (20 min) the 
intestine and apparatus were washed out with 0-9% NaC! solution, the total volume made up to 
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200 or 250 ml., and the amino acid was estimated. The difference between the amount of amino 
acid introduced and the amount recovered gave the amount absorbed. The effect of competiticn 
between different enantiomorphs was studied by determining the rate of absorption of a particular 
enantiomorph when present alone, and then subsequently in the same preparation determining its 
rate of absorption when another enantiomorph was also present. In applying this method control 
experiments must be done to determine the rates of absorption of a particular amino acid when 
present alone during two successive periods, as it is possible that absorption in the first period 
may affect the capacity for subsequent absorption of the same substance. Suppose it is desired 
to test the effect of substance A on the absorption of substance B. An experiment is first done in 
which the rate of absorption of B is studied in two 20 min periods, separated by an interval of 
20 min, in the same preparation. The ratio of the amount of B absorbed in the second period to 
the amount absorbed in the first period is then calculated. In a second experiment on a different 
animal, the rate of absorption of B is measured in one period, and in a subsequent period the 
amount of B absorbed in the presence of a certain concentration of A is measured. The ratio is 
again determined of the amount of B absorbed in the second period to the amount of B absorbed 
in the first period. If this ratio is the same as in the first experiment, it is presumed that the 
presence of A has no effect on the atsorption of B. If the ratio is less in the second experiment, this 
is regarded as evidence that the presence of A interfered with the absorption of B. 

Amino acids. The p- and t-enantiomorphs of methionine and histidine were obtained commer- 
cially. As will be shown, the rate of absorption of the L-enantiomorphs is considerably greater 
than that of the p- forms and this raises the question whether the rate of absorption and the effect 
of competition obtained with the p-enantiomorphs might not be due to small amounts of L- 
enantiomorphs present as an impurity in the commercial samples. It was therefore necessary to 
test the p-amino acids for presence of the L-enantiomorphs. This was done in the case of p-histi- 
dine by testing for the L-isomer with L-histidine decarboxylase prepared from Clostridium welchii 
by the method of Epps (1945) and used according to the method of Gale (1945). In the case of 
p-methionine the presence of the L-enantiomorph was tested with L-amino acid oxidase prepared 
from Neurospora crassa according to the method of Bender & Krebs (1950). In addition, Dr Row- 
sell kindly tested a sample of p-methionine with L-amino acid oxidase from cobra venom. These 
tests showed that both p-methionine and p-histidine contained less than 1% of the L- 
enantiomorphs. 

Analytical methods. Histidine was estimated by the method of MacPherson (1946). Methionine 
was estimated by the method of McCarthy & Sullivan (1941). It was found that histidine produced 
a small amount of colour with the methionine reagents but since the colour produced was pro- 
portional to the concentration of histidine, by estimating the histidine in the same sample it was 
possible to apply a correction factor. 


RESULTS 
Relatwe rates of absorption of D- and L-histidine and methionine 
Although the main object of the experiments was not to study the relative 
rates of absorption of D- and L-enantiomorphs, some figures were incidentally 
obtained and are worth reporting as confirming the results obtained by other 
techniques. The figures presented here for the absorption rates were not 
obtained in two periods in the same animal, but were taken from the first 
period in two-period experiments. They therefore show the absorption rates 
in different animals when only one amino acid enantiomorph was present. 
These results are given in Table 1. From this it is seen that t-histidine and 
L-methionine were absorbed at similar rates, and that both. of these were 
absorbed considerably faster than the corresponding D-enantiomorph. Of 
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the two D-enantiomorphs, D-methionine was absorbed considerably more 
rapidly than D-histidine. These results confirm the findings of Gibson & 
Wiseman (1951) and Matthews & Smyth (1954) in showing that the 1-enantio- 
morphs are absorbed more rapidly than the corresponding p-forms. The 
present results, however, give figures for absorption rates when only the 
L- or D-enantiomorph was present in the intestine, whereas in the other experi- 
ments referred to the amino acid was present as the racemic mixture. 


TaBLe 1. Relative rate of absorption of the enantiomorphs of methionine and histidine. In all 
cases 30 ml. of a 20 ma solut‘on of amino acid (600 «moles) was introduced into the apparatus. 
The period of absorption was 20 min. The figures given are mean values and standard 
deviations 


Amount 

; Number of absorbed 
Amino acid experiments (umoles) 
L-histidine 13 281437 
L-methionine 12 281449 
D- methionine 12 187440 


The results of the experiments on competition between the various enantio- 
morphs are given in tables 2-5. In all cases 20 mm solutions of the amino-acids 
were used, and two-period experiments were used. Each table includes. three — 
sets of experiments, one control group where the absorption of one enantio- — 
morph only was studied in two separate periods and two other groups where 
another enantiomorph was also present during the second period. 

Competition between i-histidine and t-methionine. The results in these cases 
are quite definite and are included in Tables 2 and 3. L-methionine has a very 
definite inhibitory effect on the absorption of 1-histidine, but L-histidine has 
a very much smaller effect on the absorption of L-methionine. These results 
agree with those of Wiseman (1955) obtained with an in vitro technique. Hird 
& Sidhu (1957) also found that t-methionine inhibited the absorption of 
L-histidine in vivo. Their results were obtained with a somewhat different 
technique, in which rates of absorption were compared in two loops simut- 
taneously in the same animal. 

Competition between pv-methionine and v-histidine. The results of these 
experiments are included in Tables 4 and 5. The results suggest that although 
p-histidine has no effect on the rate of absorption of p-methionine, D-methio- 
nine might have some effect on the rate of absorption of D-histidine. These 
results must, however, be treated with some caution. As is shown in Table 1, 
the amounts of p-amino acid absorbed, and particularly those of p-histidine, 
are relatively small, and therefore small errors in estimation could produce a 
_ telatively large error in the ratio between the two periods. 
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Competition between D- and L-enantiomorphs. The figures for competition for 


various D- and L-enantiomorphs are included in Tables 2-5. The results in 
these tables suggest that (1) p-histidine has no effect on the absorption of 
L-methionine; (2) D-methionine may have a small effect on the absorption of 
L-histidine; (3) t-histidine may have a small effect on the absorption of p- 
methionine; and (4) t-methionine has a substantial effect on the absorption of 


TaB_e 2. Effects of t- and p-methionine on the rate of absorption of i-histidine. In all cases the 
concentration of each enantiomorph was 20 mm, the total volume circulating through the 
intestinal lumen 30 ml., and each period 20 min in duration 


Ami in 
Amount of L-histidine absorbed in second period 


Ist period 2nd period Amount of t-histidine absorbed in first period 
L-histidine L-histidine 0-89 
0-73 
0-98 
0-88 
L-histidine L-histidine 0-40 
L-methionine 0-41 
0-27 
0-28 
D-methionine of 


0-75 


TaBe 3. Effects of L- and p-histidine on the rate of absorption of t-methionine. In all cases the 
concentration of each enantiomorph was 20 mm, the total volume circulating through the 
intestinal lumen 30 ml., and each period 20 min in duration 


intestinal 
press A Amount of L-methionine absorbed in second period 
Ist period 2nd period Amount of L-methionine absorbed in first period 
L-methionine L-methionine 0-78 
0-97 
0-94 
0-85 
thioni 0-66 
L-histidine 0-71 
0-68 
0-64 
L-methionine L-methionine 0-98 
p-histidine 0-84 
0-96 


p-histidine. Since the main object of the experiments was to determine whether 
competition between p- and L-enantiomorphs was possible, the case which 
showed the greatest probability of competition, i.e. the effect of t-methionine 
on D-histidine, was selected for more detailed consideration. The amount of 
amino acid absorbed is the difference between two determinations, that is 
between the amount given and the amount recovered. In the case of D-amino 
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acids the amount absorbed is only a small fraction of the amount given and it 
is therefore essential to study the amounts given and recovered in order to 
determine if the inhibition was significant. These details are given in Table 6, 
Tasix 4. Effects of p- and 1-methionine on the rate of absorption of p-histidine. In all cases the 

concentration of each enantiomorph was 20 mu, the total volume circulating through the 
intestinal lumen 30 ml., and each period 20 min in duration 

Amino acids 

pes A ase, Amount of p-histidine absorbed in first period 
lst period 2nd period Amount of p-histidine absorbed in second period 
p-histidine D-histidine 1-07 


TaBxx 5. Effects of 1- and p-histidine on the rate of absorption of p-methionine. In #1 cases the 
concentration of each enantiomorph was 20 mm, the total volume circulating through the 
intestinal lumen 30 ml., and each period 20 min in duration 


Amino acids t in 
intestinal lamen 
A dias Amount of p-methionine absorbed in first period 
Ist period 2nd period Amount of p-methionine absorbed in second period 
D-methionine D-methionine 0-83 
0-93 
1-00 
0-84 
D-methionine p-methionine 0-80 
0-99 
D-methionine p-methionine 0-56 
L-histidine 0-72 
0-63 
0-44 


which gives further figures for the same experiments already included in 
Table 4. It should be made clear that in Table 6 comparisons are not made 
between two periods in the same animal, but absolute quantities are given for 
absorption during the second period only in a number of two-period experiments. 
Two groups of results are included in the table. In both of these p-histidine 


0-80 
0-85 
0-86 
0-81 
0-88 
p-histidi p-histidi 0-43 
p-methionine 0-37 
0-75 
0-41 
0-86 
0-71 
p-histidine p-histidine 0-43 
L-methionine 0-31 
0-51 
0-35 
0-10 
0-29 4 
0-04 
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alone was present during the first period. In the first group of experiments 
D-histidine alone was also present during the second period, whereas in the 
second group D-histidine and t-methionine were present together. It will be 
observed that although the amounts given were slightly greater in the control 
group, the amounts recovered in the control group were considerably smaller 
than in the group with L-methionine, and hence the amount absorbed in the 
control group is considerably larger. The difference between the means of the 
+ amounts absorbed in the control group and in the group with t-methionine 
present is 52, with a standard error of the means of 6-2, a difference which is 
highly significant. It thus seems that despite the small amounts of D-amino 
acids absorbed, the results probably warrant the conclusion that L-methionine 
causes inhibition of absorption of D-histidine. 


TaBe 6. Effect of t-methionine on the absorption of p-histidine | 
All figures were obtained for the second period of a two-period experiment. In the first group 
D-histidine alone was present in both Ist and 2nd periods. In the second group p-histidine only 
was present in the Ist period and p-histidine and L-methionine during the second period 


p-histidine. 
Amino acids present Amount Amount Amount -.. 
in intestine given recovered absorbed 
D-histidine . 615 556 59 
613 530 . 83 
613 546 67 
633 549 84 
613 538 75 
601 549 52 
Means 614-6 544-6 70-0 
8.D. 10-3 9-0 41 
p-histidine and 596 565 31 
L-methionine | 596 572 24 
612 581 31 
608 560 38 
595 600 ~5§ 
595 597 -2 
599 596 3 
593 569 24 
Means 599-2 580-0 18-0 
70 15-8 16-7 
Difference between 
means 15-4 — 35-4 52-0 
s.B. of difference 
of the means 7-9 6-7 6-2 
DISCUSSION 


The results confirm those obtained by Wiseman (1955) using an in vitro 
technique and those of Hird & Sidhtr{1957) with an in vivo technique in showing 
that there is competition between L-methionine and t-histidine for intestinal 
absorption. In the concentrations used, L-methionine caused considerable 
inhibition of absorption of t-histidine, whilst L-histidine had only a small effect 
on the absorption of t-methionine. These results are of interest in once more 
demonstrating that results first obtained by an in vitro intestinal technique 
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have been confirmed later by in vivo techniques. There is now a considerable 
amount of evidence suggesting that the activities of the apparently highly 
unphysiological + vitro intestinal preparations are remarkably similar to the 
activities of the intestine in more physiological conditions. 

Hird & Sidhu (1957) also studied the effect of p-methionine on the absorp- 
tion of L-histidine, and concluded that no inhibition of L-histidine absorption 
was caused by the presence of D-methionine. Our results suggest that a small 
amount of inhibition of L-histidine absorption might be caused by p-methio- 
nine. This discrepancy might be explained by the fact that Hird & Sidhu were 
working with an initial concentration of 10 mm for each amino acid, whereas 
we were using initial concentrations of 20 mu. If only a small degree of com- 
petition is observed at the higher concentration it might not be evident at all at 
the lower concentration. We feel, however, that a considerably greater number 
of experiments, either by our technique or by the technique of Hird & Sidhu, 
would be necessary before a definite answer could be given to the particular 


_ point whether p-methionine can cause any inhibition of absorption of L-histi- 


dine. Of much more interest is the general problem of whether competition 
between D- and L-enantiomorphs of different amino acids is possible, and a 
positive answer to this question seems likely, as is exemplified by the inhibition 
of absorption of p-histidine by t-methionine. Our results suggest that competi- 
tion between other p- or L-enantiomorphs is probable, but in any particular 
case a greater number of experiments would be necessary before the statis- 
tical significance of the results could be asserted. It appeared more profitable 
to investigate one case in greater detail, and there seems little doubt that 
L-methionine can inhibit the absorption of p-histidine. 

The possibility of competition between p- and L-enantiomorphs is of con- 
siderable interest in regard to the mechanism for absorption of p-amino acids. 
In addition to tesults already referred to regarding preferential absorption of 
L-enantiomorphs, Wiseman (1953) has shown that the L-enantiomorphs of 
many amino acids can be transferred against a concentration gradient, whereas 
this is not possible in the case of the p-amino acids. For these reasons it was 
assumed that p-amino acids were transferred as a result of passive diffusion 
only. It now seems that this idea must be modified, and the movement of 
D-amino acids involves processes other than passive diffusion. In studying the 
transfer of a number of substances by an in vitro intestinal preparation, Smyth 
& Taylor (1957) did in fact find that p-alanine occupied an intermediate 
position between the groups of substances transferred in higher concentration 
than that in which they were present in the mucosal fluid, and the group 
transferred in lower concentration. At the time no simple explanation was 
evident, but the finding is now seen to be consistent with the view that the 
transfer of p-amino acids is not a purely passive process. It is of interest to 
note that Christensen, Riggs, Fischer & Palatine (1952) suggested that a carrier 
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system of low specificity might account for transfer of both L- and D-amino 
acids in neoplastic tissue. Another possibility is that some D-amino acids may 
be converted to t-amino acids during absorption, and on this basis the 
inhibition of p-histidine absorption by t-methionine might be explained 
by the inhibition of t-histidine absorption by t-methionine. This possibility 


cannot entirely be ruled out, although there is some evidence against it.” 


Gibson, Newey, Smyth & Whaler (1954) showed that the capacity for syn- 


thesis of some t-amino acids from the corresponding D-enantiomorphs was - 


not present in the intestine to any appreciable extent, although in fact 
histidine was not one of the amino acids which they tested. Certainly all 
transfer of D-amino acids does not happen by conversion to the L-amino acid, 
since Matthews & Smyth (1954) found that p-amino acid appeared in the portal 
blood when present in the lumen of the intestine. 

The results also throw some light on the mechanisms of absorption of 
L-amino acids. Hitherto it has been considered that the active process 
concerned with L-amino acid transfer was stereo-chemically specific. It now 
seems likely, at least as regards L-methionine, that there must be one stage 
of the process which is common to the transfer of pD-amino acids also. In 
addition to this stage, there may be a further one where a stereo-chemically 
specific mechanism is involved. 3 | 


SUMMARY 


1. An investigation was carried out on competition between D- and L-enantio- 
morphs of methionine and histidine for absorption from the small intestine 
of the rat. 

2. L-methionine inhibited the absorption of L-histidine, but t-histidine had 
little effect on the absorption of L-methionine. 

3. Some competition between L- and p-enantiomorphs was obtained. This 
was particularly well marked in the inhibition of absorption of p-histidine by 
L-methionine. 

4. The mechanism of RnporEon of L- and p-amino acids is Paths B in the 
light of these results. 


We are grateful to Mr I. Thorneycroft for technical assistance and to Dr E. V. Rowsell for 
Research Council and from John Wyeth and Brother, Ltd. 
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BUTYRIC ACID ON SMOOTH MUSCLE PREPARATIONS 
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In the last few years a number of reports have appeared (Florey, 1954, 1956; 
Florey & McLennan, 1955a, 6) dealing with the properties of extracts of 
mammalian brain which contain a principle possessing certain of the character- 
istics to be expected,of an inhibitory transmitter substance. This principle, 
which has been named Factor I (Florey, 1954), has been demonstrated in some 
biological preparations to have an anti-acetylcholine action. Thus, for example, 
application of Factor I solutions can prevent the stimulating action of acetyl- 
choline on the crayfish stretch receptor neurone, the crayfish heart and crayfish 
intestine; and Factor I can block transmission at the cholinergic synapses of 
mammalian sympathetic ganglia. By contrast, in other preparations Factor I 
and acetylcholine may have the same type of action: thus both cause inhibition 
of the heart beat of cephalopods, and both cause stimulation of the mammalian 
hypoglossal nucleus. 

Recently it has been reported that the whole activity of Factor I prepara- 
tions, as assayed on the crayfish stretch receptor neurone, could be accounted 
for by their gamma-aminobutyric acid (GABA) content (Bazemore, Elliott & 
Florey, 1956, 1957). There is evidence that with other biological preparations 
GABA does not duplicate the actions of Factor I (McLennan, 1957), and indeed 
some extracts containing Factor I appear not to have detectable amounts of 


GABA (McLennan, 1958). Nevertheless, it is true that under some circum- 


stances GABA does have some Factor I-like properties. 

The contractions of intestinal smooth muscle induced by various stimulant 
drugs provide a simple means of testing the inhibitory effects of preparations 
of Factor I. In the present series of experiments the effects of Factor I on the 
contractions of the guinea-pig ileum induced by four drugs have been investi- 
gated and compared with the effects produced by GABA under the same 
conditions. Certain experiments have also been performed with rabbit ileum 
and with the oesophagus of sea-urchins. — 
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The effects of GABA in antagonizing the contractions of guinea-pig and 
rabbit ileum induced by acetylcholine, nicotine and histamine have been 
recently investigated by Hobbiger (1958). He has reported that GABA acts to 
| a limited extent as an antagonist of these three stimulant drugs, if they are 

used in concentrations which give submaximal effects. He has further reported 

that such inhibition as was produced by GABA was never complete. These 
observations on the effects of GABA on the guinea-pig ileum have been 
confirmed in the present series of experiments; however, no inhibitory effect of 
_ GABA on induced contractions of rabbit ileum has been detected. Factor I has 
j | been found to have effects qualitatively similar to GABA when stimulation of 
. the intestine is produced by acetylcholine or nicotine, but differences are found 
when contractions are induced with serotonin or with gamma-butyrobetaine. 
Furthermore, the sea-urchin oesophagus appears to be entirely unaffected by 
GABA. A preliminary account of some of these results has already been 
; published (Florey, 1953). 
f METHODS 
7 Male and female guinea-pigs weighing 200-400 g and female white rabbits weighing approximately 
, 2 kg were used. All animals were killed by decapitation. A piece of ileum approximately 4 cm 
long was suspended in an organ bath of 50 ml. capacity in saline solution. This was Tyrode solution 
modified by the addition of 0-01 m phosphate buffer to give a final pH of 6-8. This was done since 
4 it has been reported that some of the effects of Factor I could only be obtained at a pH below 7 
‘ (Florey, 1953, 1954, Florey & McLennan 1955a). In the course of the present experiments, 
h however, this dependence on pH has been found only occasionally, and in many preparations 
f identical results were obtained when the bathing solution was buffered as above or when normal 
I Tyrode solution, with a pH of 7-5, was used. The organ bath was surrounded by a water jacket 
at 38° C, and all solutions added to the bath were pre-warmed to this temperature. Changes in 
a the tone of the longitudinal muscle were recorded by means of an isotonic frontal-writing lever. 
h Large specimens of the sea-urchin Strongylocentrotus drobachiensis were obtained fresh from 
Vancouver harbour as required. A circular cut was made through the shell around the mouth 
of the animal, and this portion bearing the lantern and the oesophagus was gently retracted. 
: The internal attachments of the oesophagus were cut, and a 3 cm length of the organ suspended 
1 in aerated sea water in a 10 ml. bath. These experiments were performed at room temperature. 
; Drugs were added to the organ baths in a volume of 0-5 ml., and the final bath volumes were 
5 kept constant. In all cases Factor I and GABA solutions were added to the baths 10-15 sec before 
" addition of the stimulant drugs. Throughout the text the final concentrations in the baths are 
given. Drugs used were acetylcholine chloride, nicotine (base), serotonin (5- hydroxytryptamine 
f creatinine sulphate), g butyrobetaine (base), and g aminobutyric acid. Factor I was 
- prepared as described by Florey & McLennan (19555), and its potency was checked by means of 
| the crayfish stretch receptor neurone preparation (Florey, 1954). Concentrations of Factor I are 
expressed in ‘crayfish units reference’ (c.u.r.), as described by Elliott & Florey (1956). 


t 
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RESULTS 
Guinea-prg tleum 
2 The addition of Factor I to the solution bathing a piece of guinea-pig ileum 
1 can cause partial or complete inhibition of the contraction produced by the 


subsequent addition of ACh. Fig. 1 shows an example of the partial blocks of 
5-2 
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an ACh contraction brought about by two different doses of Factor I, and 
Fig. 2 the almost complete inhibition caused by a larger concentration of the 
factor in another preparation. In all preparations where an effect of Factor I 
has been observed it has been found that a suitably high concentration can 
cause complete inhibition of the acetylcholine contraction, regardless of 
whether the ACh alone causes a maximal or submaximal response. This is in 
contrast to the response found with GABA. Hobbiger (1958) showed that 
a dose of GABA effective in causing, for example, a 60% inhibition of an ACh 
concentration could be increased ten- or twentyfold without increasing the 


Fig. 1. Effect of Factor I and of GABA on ACh-induced contractions of a portion of guinea-pig 
ileum. A, ACh 0-02 y»g/ml.; B, Factor I 0-85 c.u.r./ml. + ACh 0-02 ug/ml.; C, ACh 0-02 pg/ml. ; 
D, GABA 4 ug/ml. + ACh 0-02 pg/ml.; E, ACh 0-02 pg/ml.; F, GABA 20 pg/ml. + ACh 
0-02 pg/ml.; G, ACh 0-02 ug/ml.; H, Factor I 0-4 ¢.u.r./ml.+ACh 0-02 pg/ml.; I, ACh 
0-03 pg/ml. 


degree of inhibition. He also reported that if a maximal contraction of the 
ileum was caused by ACh then GABA no longer produced any inhibition of 
that contraction. Both these phenomena have been observed in the course of 
the present work, and it has been found that a dose of GABA as high as 
100 g/ml. is incapable of producing a block similar to that shown in Fig. 2. 
Fig. 1 also shows the block of the ACh contraction which could be obtained 
with GABA, and the fact that a fivefold increase in the dose of GABA produced 
no additional inhibition. The degree of inhibition of ACh contraction pro- 
duced by GABA has never been found to be greater than about 60%. 

In earlier work on the effects of Factor I solutions, Florey (1954) reported 
that block of the crayfish stretch receptor neurone discharge could only be 
obtained if the pH of the applied solution was below 7. This pH-dependence 
for the action of Factor I solutions has occasionally been found also with the 
guinea-pig ileum. Fig. 3 shows an example of the effect; applied at a pH of 7-5, 
Factor I solution had no inhibitory action on the ACh contraction, while at a pH 
of 6-8 it caused an almost complete block of the contraction. This change in pH 
was found not to have any effect on the contraction produced by ACh alone. 
The effect is, however, a very elusive one, in that it was by no means found 
in-every experiment. There is no apparent explanation of the variability, and 
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the same preparation of Factor I may show a pH-dependence on one day, yet 
upon another ileum, on the following day, it may have identical effects in both 
acid and alkaline media. Hobbiger (1958) reported that he could find no 
} evidence of a pH-dependence for the effect of GABA, and we also have never 


observed it. 
Fig. 3 
Fig. 2. Effect of Factor I on the ACh-induced contraction of guinea-pig ileum. A, ACh 0-1 pg/ml. ; 


Fig. 2 
B, Factor I 1-0 c.u.r./ml. + ACh 0-1 ug/ml. (Contraction downward.) 
Fig. 3. The influence of pH on the action of Factor I on the ACh-induced contraction of guinea- 
pig ileum. A, ACh 0-007 ug/ml., pH 7-5; B, Factor I 1-0 c.u.r./ml.+ ACh 0-007 pg/ml., 
pH 7-5; C, as in A, pH 6-8; D, as in B, pH 6-8. (Contractions downward.) 


Another puzzling and unexplained variable found in the course of these 
experiments was that about 25% of the biological preparations set up were 
completely unaffected by either Factor I or by GABA. These preparations 
behaved normally as far as the application of stimulant drugs was concerned, 
but no effect of addition of even high concentrations of the mhibitory sub- 
stances could be observed. Again, this was not,to be explained as due to some 
change in the inhibitory solutions, for applied to another preparation upon the 
same or the following day they could be fully effective. It was found that if 
one portion of the ileum from a guinea-pig was insensitive to Factor I, then all 
other portions from the same animal would be similarly insensitive. In the 
same way, portions of ileum insensitive to Factor I were unaffected also by 
GABA. The effect could not be attributed to age or sex or feeding of the 
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animals, to the speed of dissection or setting up of the preparation, or to any 
obvious technical difference. | 

Substantially similar results were obtained when nicotine was used in place 
of ACh as a stimulating drug. Fig. 4 shows the results obtained im a typical 
experiment: the inhibition produced by GABA was in this case a maximal one, 
and was not further increased when the dose of the amino acid was increased 
twentyfold. By contrast, the inhibition produced by the addition of Factor I 
solutions to the bath is graded, and if a sufficiently large dose of Factor I was 
applied the inhibition of the nicotine contraction was complete. The result 
obtained with GABA is again in accord with that found by Hobbiger. As far 
as stimulation with nicotine or ACh is concerned, then, GABA fails to produce 
a complete inhibition with either drug, whereas suitable concentrations of 
Factor I can produce complete inhibition of both. 


Fig. 4. Effect of Factor I and GABA on nicotime-induced contractions of guinea pig ileum. 
A, nicotine 2 pg/ml; B, GABA 2 pg/ml. + nicotine 2 pg/ml _; C, nicotine 2 pg/ml; D, Factor | 
2 pg/mL 


When serotonin was used as a stimifant drug, however, a more striking 
difference between the two appeared. Figure 5 shows the results obtained in 
a typical experiment. It is clear that addition of Factor I to the bath had in 
this case no effect upon the height of contraction of the longitudinal muscle, 
whereas the inhibition produced by GABA was virtually complete. The con- 
centration of Factor I used in this experiment (1-1 c.u_r./ml.) was the same as 
that which caused a virtually complete block of a nicotine contraction, but 
with serotonin as the stimulating drug even 10 c.ur_/ml. was ineffective in 
reducing the height of contraction. Occasionally Factor I in doses of this 
magnitude itself produced a large, very quick and unsustained contraction of 
the intestine, quite unlike that seen with any of the other drugs used. 

An effect in the opposite direction was observed when the ileum was stimu- 
lated with gamma-butyrobetaine. This is a substance which has been known 

for many years to be present in the tissues of some cold-blooded animals, for 
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example snakes (Keil, Linneweh & Poller, 1927), and fresh-water eels (Hoppe- 
Seyler & Schmidt, 1927); it appears however not to be present normally in 
mammals, but may appear in the urine in phosphorus poisoning (Takeda, 
1910) or im pernicious anaemia (Reinwein & Thielmann, 1924). Recently 
Hosein (unpublished observations) has shown that gamma-butyrobetaine can 
be isolated from the brains of animals which die during convulsions, and Hosein 
& McLennan (unpublished observations) have found that in many cases the 
substance behaves pharmacologically in a very similar manner to acetylcholine, 
but weight for weight is much less potent. 


Fig. 5. Effect of Factor I and GABA on serotonin-induced contractions of guinea-pig ileum. 
A, serotonin 0-2 pg/ml; B, Factor I 1-4 c.ur./ml.+serotonin 0-2 C, serotonin 
0-2 pg/ml; D, GABA 2 pg/ml. + serotonin 0-2 pg/ml.; E, serotonin 0-2 ng/ml. 


Addition of gamma-butyrobetaine to a bath containing a guinea-pig ileum 
causes the muscle to contract (Fig. 6), and this contraction, like that caused 
by ACh, can be inhibited to the extent of 50-60%, by the addition of GABA. 
However, the addition of small quantities of Factor I to the bath before 
gamma-butyrobetaine is added invariably causes a potentiation of the con- 


traction due to the latter, and an inhibitory effect is never observed. The _ 


potentiating action of Factor I on the contraction caused by gamma-butyro- 
betaine is independent of pH. 
Rabbit eum 

Hobbiger (1958) has reported that the addition of GABA to a bath contain- 
ing a portion of rabbit ileum reduced the spontaneous activity. The concen- 
tration of GABA required to produce this effect varied over wide limits 
(1-100 y»g/ml.), and even in those preparations in which the effect was most 
pronounced recovery of the spontaneous activity took place in the continuing 
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presence of the acid, The anti-acetylcholine and anti-nicotine effects of GABA 
were less marked with rabbit than with guinea-pig ileum, and Hobbiger 
reported that in many of his preparations no effect of GABA could be obtained. 

We have not been able, in sixteen experiments, to observe a consistent effect 
either of GABA or of Factor I on the spontaneous activity or on ACh-induced 
contractions of rabbit ileum. Occasionally a change in the rhythm of the 
spontaneous contractions was noted with both substances, in that they became 


Fig. 6. Effect of Factor I and GABA on g butyrobetaine (yBB)-induced contractions of 
guinea-pig ileum. A, yBB 0-15 yg/ml.; : B, Factor I 1-0 c.u.r./ml. + yBB 0-15 pg/ml.; C, yBB 
0-15 pg/ml.; D, GABA 2 pg/ml. + yBB 0-15 pg/ml. 


smaller and faster. The impression gained is that the contractions of the ileum 
have become ‘desynchronized’. The concentrations used were high (100 pg/ml. 
and 10 c.u.r./ml. respectively). Our results therefore do not agree with those 
of Hobbiger; but a possible explanation may be that insufficient experiments 
have been performed. Thus Hobbiger reported successful antagonism of ACh 
contractions by GABA in only two out of eight experiments. 


Sea-urchin oesophagus 
A difference between GABA and Factor I is noticed when their effects upon 
the ACh-induced contractions of the sea-urchin oesophagus are compared. 
Fig. 7 shows the effect of addition to the bath of Factor I solution, which in 
this instance caused an almost complete inhibition of the ACh contraction in 
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a concentration of 0-1 c.u.r./ml. It should be noted that although rather high 
doses of ACh are required to produce a contraction of the oesophagus, the 
concentration of Factor I needed to inhibit it is small, and this preparation in 
fact rivals or surpasses the crayfish stretch réceptor neurone in its sensitivity 
to Factor I (Florey, 1954; Elliott & Florey, 1956). In Fig. 7 also the result 
obtained when GABA was added to the bath with ACh is shown. It is clear 
that GABA has no inhibitory effect on this preparation, although the concen- 


tration used here (100 ug/ml.) is ten times higher than that producing a con- 


siderable effect on the guinea-pig ileum. In other experiments even highér 
concentrations of GABA have been employed with a similar lack of inhibitory 
effect. It is concluded that the sea-urchin oesophagus is almost entirely 
insensitive to this substance, although it is very sensitive to Factor I. 


Fig. 7. Effect of Factor I and GABA on ACh-induced contractions of sea-urchin oesophagus. 
A, ACh 0-2 pg/ml.; B, ACh 0-2 pg/ml.; C, Factor I 0-1 c.u.r./ml. + ACh 0-2 pg/ml.; D, ACh 
0-2 pg/ml.; E, Factor I 0-01 c.u.r./ml.+ACh 0-2 pg/ml.; F, ACh 0-2 ug/ml.; G, GABA 
100 pg/ml. + ACh 0-? pg/ml.; H, ACh 0-2 pg/ml. 


* DISCUSSION 


Hobbiger (1958) has discussed the question of whether or not the effects of 
GABA which he observed on the intestine are to be regarded as of physiological 
significance. It appears that the same question must apply to any considera- 
tion of the effects of Factor I in these structures, since no Factor I activity has 
been ‘detected in any mammalian organ outside the central nervous system 
(Florey, 1953; Florey & McLennan, 1955a). GABA is present in high concen- 
tration in the central nervous system, but its presence has been shown in 
peripheral nerve (May & Thillard, 1951), in ocular tissue (Kojima, Mizuno & 
Miyazaki, 1958), and in gastric juice (Gilligan, Moor & Warren, 1951). On 
these grounds it is not intrinsically likely that Factor I has a physiological role 
in the function of the intestine. 

Nevertheless, the results reported here are of interest in that they provide 
another example of an interaction between Factor I and ACh. Theré are now, 
therefore, a number of preparations in which it has been possible to show either 
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an antagonism or a parallelism between ACh and Factor I (see Florey, 1954, 
1956; Florey & McLennan, 19550, 6; McLennan, 1957). It is tempting to 
speculate that there may be some structural similarity between the two 
substances, and that their interaction depends upon activity at identical 
receptor sites. 

Effects of brain extracts which are probably similar in composition to the 
Factor I preparation used in the present experiments have been described by 
Lissék & Endréczi (1956). These authors reported that their extracts inhibited 
the contractions of cat ileum induced by ACh, which is in accordance with the 
results reported here. That there are differences between the extracts of Liss4k 
& Endréczi and ours is indicated in that they reported a loss of activity in the 
blood, whereas Factor I activity can be recovered in full from blood following 
intravenous administration (Florey & McLennan, 1955a). 

_ The present experiments provide another example, in addition to those | 
already reported (McLennan, 1957), of the failure of GABA adequately to. 
explain all the effects produced by Factor I. Superficially there are qualitative 
resemblances between the two as far as their anti-acetylcholine and anti- 
nicotine effects upon guinea-pig ileum are concerned, just as there are certain 
similarities between the two on some crustacean structures. However, even 
with guinea-pig ileum there are differences in action; thus the contraction 
produced by serotonin is strongly inhibited by GABA (an effect noted also in 
passing by Hobbiger (1958)), whereas the height of the serotonin contraction 
is unaffected by Factor I. The synergistic action between gamma-butyro- 
betaine and Factor I is also in contrast to the inhibitory effect of GABA upon 
the gamma-butyrobetaine contractions. 

The fact that GABA is unable to inhibit the ACh-induced contractions of 
_ the sea-urchin oesophagus, whereas Factor I is able to do so, again illustrates 

- the differences between these two substances. A similar difference has also 
been noted in another structure in these animals, for the movements of the 
pedicellaria are strongly inhibited by application of dilute solutions of Factor I, 
whereas high concentrations of GABA (up to 100 pg/ml.) are ae ineffective 
(McLennan, unpublished observations). 


SUMMARY 


1. The effects of gamma-aminobutyric acid and of Factor I on the con- 
tractions of various smooth muscle preparations induced by stimulant drugs 
have been compared. 

2. With the ileum of the guinea-pig both these substances can imbibe the 
contractions produced by acetylcholine and by nicotine, although complete 
inhibition of the contraction by GABA is never-observed as it is with Factor I. 
Serotonin contractions of the guinea-pig ileum are almost totally inhibited by 
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suitable concentrations of GABA, but the height of the contraction is unaffected 
by Factor I. Gamma-butyrobetaine contractions of the guinea-pig ileum are 
partially inhibited by GABA, but potentiated by Factor I. The acetylcholine- 
stimulated sea-urchin oesophagus is inhibited by Factor I, but unaffected by 
GABA. 

3. The spontaneous activity, and acetylcholine-induced contractions, of 
rabbit ileum are little affected either by GABA or by Factor I. 

4. Two effects with guinea-pig ileum are occasionally noted, but no expla- 
nation of their variable occurrence is at present available. These are (a) that 
the ileum is insensitive to applied Factor I or GABA, while retaining its 
sensitivity to stimulant drugs; and (b) that Factor I shows pH-dependence, 
in that it is only active when added to a bathing solution on the acid side of 
neutrality. 

5. The conclusion from earlier work that the activity of Factor I-containing 
brain extracts cannot adequately be explained in terms of their GABA content 
is substantiated. 

This work was supported by a grant-in-aid to one of us (H.McL.) from the National Research 
Council of Canada. 
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THE EFFECTS OF INTRAVENOUS PYROGEN UPON THE 
RADIANT HEAT INDUCED VASODILATATION IN MAN 


By R. BRYCE-SMITH*, D. R. COLES,+ K. E. COOPER, 
W. I. CRANSTON anv F. GOODALE 


M.R.C. Group for Research on Body Temperature Regulation, Department 
of the Regus Professor of Medicine, The Radcliffe Infirmary, Oxford 


(Received 30 June 1958) 


When bacterial pyrogens are given intravenously to man, there is a marked 
vasoconstriction in the hands just before the oral temperature begins to rise. 
Gerbrandy, Cranston & Snell (1954) have shown that there is a delay of 40 min 
or more between the intravenous injection of bacterial endotoxins and the 
onset of the pyrogenic response. If the endotoxin is incubated at 37-0° C with 
fresh whole blood for 2-5-3-5 hr before injection, the latent period is shortened 
to 10-25 min. This is due to the liberation of a rapidly acting pyrogenic 
material (endogenous pyrogen, Grant & Whalen, 1953) Whose properties differ 
from those of the endotoxin (Cranston, Goodale, Snell & Wendt, 1957). There 
is a considerable body of evidence to suggest that the liberation of endogenous 
pyrogen may be a necessary stage in the production of fever and that this 
substance acts upon the central nervous system, possibly on the hypothalamus 
(King & Wood, 1958; Atkins & Huang, 1958). There is also evidence to indicate _ 
that in animals the vasoconstriction is mediated by the sympathetic nervous 
system (Perera, 1941; Douglas, 1954). 

The exact site at which pyrogen acts to upset body temperature regulation 
is not known. One of the factors which aids temperature regulation is the 
control of heat loss via the skin by adjustments to the skin blood flow. The 
skin blood flow is regulated by the activity of deep temperature receptors and 
by a reflex mechanism actuated by temperature-sensitive structures in the 
skin. This latter aspect can be conveniently demonstrated by observing the 
hand vasodilatation in response to a short exposure of the trunk to radiant heat. 

Kerslake & Cooper (1950) showed that when large areas of skin are suddenly 
exposed to radiant heat there is, within 15sec, a vasodilatation in the hands. This 
vasodneanes depends upon a changein activity of nerve endings in the skin and 
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upon afferent and efferent neurones whose anatomical pathway is in the auto- 
nomic nervous system. This response is quite distinct from the effects of general 
or ‘indirect’ heating, the afferent stimulus of which is derived not from sensory 
endings in the skin but from an increase in blood temperature (Pickering, 1932). 

Pyrogen could produce skin vasoconstriction. by a direct action on the deep 
temperature receptors, such that the peripheral vasomotor discharge which 
they initiate is more intense than that occurring normally for the existing 
blood temperature. It could act on the afferent side of the skin vasomotor 
reflex mechanism in such a way that the afferent impulse pattern behaved as 
though the skin were exposed to an environment which was colder than was 
actually the case. Also, the pyrogen could act somewhere along the efferent 
vasomotor pathway, at a site distinct from the temperature-regulating 
apparatus, to evoke an efferent vasomotor nerve discharge sufficient to swamp 
the activity of both the temperature-regulating functions. Finally, it is 
possible that, in man, the action of bacterial pyrogen is at the peripheral end 
of the skin vasomotor nerves or on the blood vessels themselves. 

The present experiments were carried out to see if intravenous doses of 
pyrogen had any effect upon the reflex vasodilatation occurring in the hands 
in response to radiant heating of the trunk, and whether they act on the hand 
blood vessels directly. The results of these experiments have been described 
briefly (Coles, Cooper, Cranston & Goodale, 1957). 

In the experiments to be described, both the exogenous and endogenous 
pyrogens have been used. 

MFTHODS | 
The subjects were five healthy men. Observations weré made in a laboratory at an air temperature 
of between 20 and 23° C. Each subject wore a pair of shorts only and lay on a couch. A radiant 
heat cradle was placed over the trunk and the upper parts of the thighs. The inflow of blood to 
the hands was measured with venous occlusion plethysmographs, the water in which, unless 
otherwise stated, was maintained at 32° C. In most riments measurements were made on 
the left hand only; in a few experiments measurements were made on both hands simultaneously. 
Each measured period of blood inflow was 5 sec and the interval between two was 5 sec. The 
inflation of the cuff about the wrist was automatically controlled. Each experiment was divided 
into periods of either 5 or 10 min. During the first 50 sec of each period, five blood inflows were 
recorded with the heat cradle switched off; then the heating was switched on for 100 sec and ten 
further blood inflows were recorded. The mean flow during the last 50 sec of heating was compared 
with the control (unheated) flow in each period. After three or four periods, physiological saline 
or purified lipopolysaccharide (‘Pyrexal’, Wander; Liideritz & Westphal, 1954) in doses of 0-05- 
0-3 yg was injected into an antecutibal vein. The oral temperature was measured throughout each 
experiment either by means of a clinical thermometer or by a thermocouple strapped in the mouth. 


In one experiment heat elimination was measured from both hands with water-filled calorimeters 
(Greenfield & Scarborough, 1949). 


RESULTS 
Fig. 1 shows the inflows obtained during one period of an experiment before 


the injection of Pyrexal. The mean of the first five flows (the ‘resting’ flow) 
during this period was 7-1 ml./100 ml. hand/min. 
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At point A the heating lamps of the cradle were switched on; the slope of 


the inflow curve immediately after this was reduced. Then the slopes increased 


until from flow 11-15 they remained fairly constant. The lamps were switched 
off at B. The mean blood flow during the second 50 sec of exposure to the - 
lamps was 18 ml./100 ml./min. The procedure during each period was the 
same. 


A a 
5 ml. 
t 
0 10 20 30 4 50 60 70 80 90 100 110 120 130 140 


Time (sec) 
Fig. 1. Blood flow record before and during exposure of the subject’s trunk to radiant heat. 
Heat on at A and off at B. 


! 

E10 | : 


Time (min) 
Fig. 2. Hand blood flows and oral temperatures measured during a control experiment. ©, mean 
resting hand blood flow; @, hand blood flow during second 50-sec period of exposure to 
radiant heat. 


In Fig. 2 each open circle represents the mean resting blood flow during each 
period of one experiment. Each closed circle represents the mean blood flow 
during the second 50 sec of exposure to the lamps of the cradle. The interval 
between two periods is 5 min. Between periods four and five, 0-2 ml. of sodium 
chloride solution (0-9°% w/v) was given intravenously. The ‘resting’ flows 
varied a great deal from period to period; during each period of exposure to 
radiant heat there was a rise in the blood flow through the hand. After 80 min 
the doors and windows of the laboratory were opened and the room tempera- 
ture was decreased from 22 to 18° C (A). The subject’s right hand was then 
placed in water at 10° C (B). Following these procedures, the ‘resting’ hand 
blood flows decreased but the response to radiant heat continued to much the 
same extent. In other experiments (Fig. 3) the subject’s legs were wrapped 
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in towels soaked in iced water at 4° C and his feet were placed in water at 10°C; 
this reduced the ‘resting’ hand blood flow to low levels but the vasodilatation 
still occurred during exposure to radiant heat. 


a 


T 


Hand blood flow 
(ml./100. ml. hand/min.) 


A 
2 
t | 
0 10 20 30 
Time (min) 


Fig. 3. Hand blood flows measured during a control experiment. At point A the subject’s 
legs and arms were cooled with towels soaked in iced water. Conventions as in Fig. 2. 
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Fig. 4. Blood flows and oral temperature before and after an intravenous injection of a pyrogen. 
Conventions as in Fig. 2. 


The conventions used in Fig. 4 are similar to those shown in Fig. 2. In this 
experiment, between periods four and five, ‘Pyrexal’ 0-09 ug was given intra- 
venously. The ‘resting’ blood flow varied a great deal but from period 
seventeen there was an abrupt and sustained fall in the ‘resting’ blood flow; 
the increase in hand blood flow with radiant heat was at first reduced and then 
finally abolished. The results of experiments upon the five subjects were 
similar, though usually a small radiant heat response remained after injection 
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of 0-08-0-10 zg Pyrexal. There was always a marked reduction in the ‘ resting’ 
hand blood flow at or just before the onset of fever. This reduction was similar 
for the various doses of pyrogen used. The response to radiant heat was always 
reduced following the onset of the vasoconstriction induced by intravenous 
pyrogen. The degree of reduction depended upon the dose of pyrogen used. 
After injection of small doses of the lipopolysaccharide (Pyrexal, 0-08-0-10 yg), 
radiant heating usually still produced vasodilatation. After larger doses 
(0-2-0°3 yg) the reflex vasodilatation was not seen. These effects were observed 
following intravenous injections of the pyrogen alone and of the subject’s 
blood previously incubated at 37° C with the pyrogen for 24-3 hr. 


Pyrexal 
O-3 ug 
A 
37-4 
37-2 
370+ 4 
Left hand 


10° | 
ot 
35 95 
A 
Time (min) 


Fig. 5. Blood flows in right and left hands after intravenous Pyrexal. Both hands were initially . 
in water at 32°C At A the water temperature in the right plethysmograph was raised to 
42° C. Conventions as in Fig. 2. 


In the experiment shown in Fig. 5 a dose of Pyrexal 0-3 ug was given 
intravenously at zero time before observations of blood flow were made. The 
subject then lay on the couch with both hands in plethysmographs at 32° C 
and at the onset of the fever recordings of blood flow were made in the usual 
way. The ‘resting’ blood flow was very low. The vasodilatation with radiant 
heating was reduced and then absent. At point A the water in the right hand 
plethysmograph was changed and its temperature was raised to 42°C. 
Immediately the ‘resting’ flows in the right hand increased and there was 
a vasodilatation during radiant heating. 

The following experiment was carried out to see if intravenous injections of 
pyrogen had any direct effect upon the blood vessels of the hand. The nerves 
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to the right hand were anaesthetized by the infiltration of Xylocaine (ligno- 
caine; Duncan, Flockhart) around the wrist, so that cutaneous sensation was 
abolished. The subject was given an intravenous injection of 50 ml. of his own 
blood, previously incubated at 37° C for 2-5 hr with Pyrexal and, beginning 
before the onset of fever, heat elimination from both hands was measured by 
calorimeters of the Greenfield & Scarborough (1949) type. This preparation of 
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Fig. 6. Heat elimination measured simultaneously from both hands after intravenous 
pyrogen. Right hand = complete nerve block; left hand control. 


endogenous pyrogen was used because all the available evidence suggests that 
endogenous pyrogen may be the material primarily responsible for the pro- 
duction of fever and, by using the blood incubated with pyrogen, the latent 
period between the time of injection and the onset of the fever was shortened. 
This was a great advantage since the changes in the heat elimination from the 
hand could be observed before the nerve block had worn off. 

Fig. 6 shows the results for this experiment. The heat elimination from both 
hands was high at the commencement of the experiment; 20 min after the 
injection, the heat elimination from the ‘unblocked’ hand fell, and continued 
at a reduced level for the remainder of the experiment. This reduction in heat 
elimination coincided with the onset of fever. The heat elimination from the 
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blocked hand continteed at a high level throughout the experiment. From this 
it was concluded that intravenous injections of endogenous pyrogen had no 
direct effect upon the blood vessels of the hand. In other experiments, 
after the nerve block to one hand and intravenous injections of pyrogen, 
the vasodilatation response to radiant heating was measured plethysmo- 


graphically from the hands. It was shown that after nerve block the response 


to radiant heating disappeared. 


DISCUSSION 

The experiments reported in this paper are qualitative. No quantitative 
estimate of the changes in peripheral resistance can be made. We have no 

means of assessing the degree of vasoconstriction. Attempts were made to 

induce marked vasoconstriction by means of exposure to cold. In these 

experiments the response to radiant heating still occurred. It was found that 

the reflex vasodilatation seen in the hand during radiant heating was reduced 

or abolished by the intravenous injection of pyrogen. This reduction in 

the response took place at or shortly after the vasoconstriction in the hands, 

which occurred at or about the time of the onset of fever. The degree of the 

reduction in response depended upon the dose of Pyrexal injected intra- 

venously. After injections of small doses (0-08—-0-10 yg) radiant Leating still 
produced vasodilatation, although the resting hand blood flow had fallen to 
very low levels. After larger doses (0-2—0-3 yg), the reflex vasodilatation was 
not seen, although it was partly restored in one hand by heating the plethys- 
mograph to 42° C. Presumably direct heat to the hand in part overcomes the 
vasoconstriction induced by the intravenous pyrogen. This restoration of 
response (Fig. 5) indicates that, although the efferent vasomotor discharge is 
greatly augmented by pyrogen, the reflex receptors are not inactivated. The 
reflex response in the warm hand was within normal limits. In view of this 
it seems unlikely that the increased vasomotor tone is due to malfunction of 
the receptors. It could arise by the influence of pyrogen on synapses in the 
afferent or efferent pathway of the reflex mechanism, in the deep receptors and 
their connexions, or somewhere in the final common path of the efferent vaso- 
motor fibres. The experiments reported provide no evidence about which of 
these sites is involved in the vasoconstrictor response to pyrogens. Neither the 
vasoconstriction nor the vasodilatation occurred in the nerve-blocked hand, 
from which it is concluded that intravenous pyrogen in the doses used had no 
direct effect upon the blood vessels of the hand. 

The results of these experiments suggest that the pyrogen probably acts 
centrally or on the efferent vasomotor nerves. There is no evidence that the 
re‘lex receptor mechanism concerned in the observed responses is responsible 
for the onset of the vasoconstriction. 
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SUMMARY 


1. When the human trunk is exposed to radiant heat reflex vagodilatation 
occurs in the hand within 15 sec. This response has been investigated during 
the vasoconstriction induced by intravenous injection of a purified lipopoly- 
saccharide obtained from S. abortus equt. 

2. 45 min or more after injection of the pyrogen there is a cutaneous vaso- 
constriction and a rise of central body temperature. 

3. After injection of small doses of pyrogen (0-08-0-10 yg), radiant heating 
still produced vasodilatation, although the resting hand blood flow had fallen 
to very low levels. After larger doses (0-2-0-3 yg), the reflex vasodilatation, 
was not seen, but it could be restored by immersing the hand in water at 42° C. 

4. Neither the vasoconstriction nor the reflex vasodilatation occurred in the 
nerve-blocked hand. There is no evidence that the pyrogen has a direct effect 
upon the blood vessels of the hand. 

5. It is thought that the pyrogen acts centrally or on the efferent vasomotor 
nerves, and it is unlikely that the reflex receptors are responsible for the 
initiation of vasoconstriction. 

Dr D. R. Coles held an M.R.C. Dr F. Goodale was in receipt 
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REFLEX RESPIRATORY ACTIVITY IN THE 
NEW-BORN RABBIT 


By G. 8. DAWES anp JOAN C. MOTT 
From the Nuffield Institute for Medical Research, University of Oxford 


(Received 23 July 1958) 


There is singularly little experimental evidence as to the functional efficiency 
of the chemoreceptor reflexes in the new-born animal. Yet as so many animals 
and human babies suffer from respiratory difficulties and partial asphyxia at 
birth, it is desirable that these physiological mechanisms should be investigated. 

There has been some difference of opinion as to whether the chemoreceptor 
mechanisms are active at birth in the new-born baby. Cross & Oppé (1952), 
from observations in which 15% O, was administered, concluded that these 
reflexes were present and active, but that oxygen lack rapidly impaired the 
ability of the central nervous system to respond. On the other hand Miller & 
Smull (1955) concluded that the mechanisms were not active for a day or two 
after birth; the methods which they employed were similar, but by no means 
identical. Naturally, neither authors interfered with their babies surgically ; 
their conclusions were based on analogy with the well known findings on adult 
animals. In a few foetal and new-born animals Cross & Malcolm (1952) 
observed that oxygen lack increased the afferent discharge in the nerves from 
the chemoreceptors of the carotid body. Barcroft & Karvonen (1948) found 
that administration of CO, and cyanide induced respiratory efforts in foetal 
lambs less than half-way through gestation. They attributed this to an action 
on the carotid body, but did not test their hypothesis experimentally. The 
reflex respiratory effects of anoxia do not, therefore, appear to have been 
analysed in new-born animals. Nevertheless, as Cross (1954) has pointed out, 
lobeline has been widely used to initiate respiratory movements in new-born 
babies, and the rationale for this treatment is the conclusion, from animal 
experiments, that this drug excites the chemoreceptors of the aortic and 
carotid bodies. 

We have, therefore, studied the changes of breathing induced in new-born 
rabbits by altering the tracheal pressure, by injecting sodium cyanide, 
nicotine or lobeline and by reducing the oxygen content of the inspired air. 
The results demonstrate that the chemoreceptors of the carotid body are 
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indeed active at birth, even in an animal which is born in such an immature 
condition as the rabbit. But intravenous injections of lobeline do not cause 
changes in breathing solely by‘action upon the carotid chemoreceptors, and 
the response to lack of oxygen may vary considerably with the environmental 
temperature. 


METHODS 


Twelve adult rabbits were anaesthetized with sodium pentobarbitone (Nembutal, Abbott 
Laboratories, Ltd; 30 mg/kg intravenously) supplemented with open ether; one was anaesthe- 
tized with chloralose 70 mg/kg. Thirty-five new-born rabbits were anaesthetized by intraperi- 
toneal injection of pentobarbitone 5-30 mg/kg. 

Arterial blood pressure was measured from the carotid or femoral artery of adult rabbits, using 
a condenser manometer. The pulse wave was used to operate a heart rate meter (Wyatt, 1956, 
1957), and both blood pressure and heart rate were recorded on a Cambridge Instrument Co. Fast 
Recorder. The mid-thoracic intra-oesophageal pressures of adult and new-born rabbits were 
recorded from a saline-filled catheter, using a condenser manometer, as a measure of respiratory 
movements. In some adult rabbits breathing was recorded from a body plethysmograph sealed 
around the neck (Dawes, Mott & Widdicombe, 1951). The pressure against which new-born 
rabbits breathed was changed by attaching the tracheal cannula temporarily to a 250 ml. flask, 
the pressure in which had been raised above or lowered below atmospheric. 

Injections were made into adult rabbits through a cannula tied into the external jugular vein 
or through a catheter inserted into the cavity of the left ventricle via the carotid artery. The 
position of this catheter was checked by observing the pulse recorded through it with a condenser 
manometer and ca thode-ray oscilloscope, and post-mortem. In new-born rabbits injections were 
made-into an external jugular vein through a small polythene cannula. The cannula was filled 
with the drug under investigation, and the volume of fluid injected was the minimum practicable. 

The oxygen consumption of lightly anaesthetized new-born rabbits was measured by attaching 
a short tracheal cannula to a closed circuit through which air was circulated by a roller-pump, at 
a rate of 500 ml./min or more. Carbon dioxide was absorbed by soda-lime, and the rate of 0, 
consumption was recorded from a spirometer. To study the effect of anoxia the circuit was filled 
with a gas mixture containing 5-10 % O, in N,. The experiments were conducted at room tempera- 
ture. In the course of several experiments the vagi were cut; both cervical vagus nerves were 
divided, the cervical sympathetic and aortic nerves being left intact. 

Measurement of tidal air in new-born rabbits 

The respiratory movements of unanaesthetized or very lightly anaesthetized new-born rabbits 
were measured by recording the change of electrical capacity between their bodies and a brass 
tube in which they: were placed. The rabbit sat on a copper mesh lining the floor of a Perspex 
tube of 5 cm external diameter and 3-5 mm wall thickness. This rested in a second Perspex tube 
of 6-5 cm external diameter, and 5 mm wall thickness. This in turn rested within the brass tube 
of 7 cm internal diameter and 16 cm long, which was earthed. The purpose of this arrangement 
was to bring the rabbit’s back as near to the centre of the outer brass tube as practicable, to reduce 
the volume of the inner tube so that equilibrium would be rapidly reached when the O, content of 
& gas mixture passed through it was altered, and to facilitate the introduction and removal of 
the rabbit. The rabbit and copper mesh formed one plate of the condenser, and the brass tube the 
other plate. The standing capacity of this system (varying with the size of the rabbit) was rather 
less than 100 pF, and changes in capacity with each breath were very approximately 1%. These 
values were so chosen that the apparatus could be connected in place of the gauge-head of a 
condenser manometer. Changes in tidal air were thus recorded on a Cambridge Instrument Co. 
Fast Recorder as shown in Fig. 5. Experiments with models and with dead rabbits, inflated by 
means of a syringe or small respiration pump, showed that the record was proportional to the 
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volume of air injected within 5%, provided that the dorsal surface of the rabbit or model was at 
least 1 cm from the inner surface of the brass tube, and provided that shape of the inflated 
body did not greatly alter. The apparatus was calibrated at the end of eac xperiment, when the 
rabbit had been killed with an overdose of pentobarbitone. There was no detectable change in 
sensitivity with horizontal displacement of the rabbit provided that the outer ends of the tube 
were not approached too closely. Air or gas mixtures were blown through the inner Perspex tube, 
which was closed at one end, by a roller-pump at about 250 ml./min; in some experiments the 
gas was humidified by bubbling through water at 42° C. Gas mixtures were either made up ina 
Douglas bag or obtained from a cylinder of 10% O, in N, supplied commercially. Their 0, content 
was checked by analysis. The temperature within the inner Perspex tube was measured with a 
mercury thermometer, and was raised by the application of external heat by both radiation and 
conduction. 


RESULTS 


The Hering—Breuer reflexes 


When the vagi were cut in the new-born rabbit, breathing always became 
slower and deeper. This suggested that the Hering—Breuer reflexes might be 
present. When the tracheal pressure was raised in seven rabbits (2 hr—-2 days 
old, 51-76 g body weight), breathing became slower or ceased. Conversely, 
when the tracheal pressure was lowered, respiratory efforts became rapid and 
shallow (Fig. 1). Both these effects were abolished by section of the vagi. 


Fig. 1. Rabbit 51 g body weight, 2 hr old. 30 mg/kg sodium pentobarbitone 1.r. Top record 
intratracheal pressure, middle record mid-thoracic oesophageal pressure, bottom record 1 sec 
time marker. A, alteration of the pressure against which the rabbit breathes changes the 
respiratory rate; B, these changes are abolished after cutting the vagi. 


_ The respiratory action of sodium cyanide 

Seven adult rabbits (1-7-2:7 kg body weight) responded to intravenous 
injections of 100-400 yg sodium cyanide by an increase in the rate and depth 
of respiration. After the vagi had been cut in three rabbits, the stimulation 
of respiration caused by an intravenous injection of sodium cyanide persisted ; 
@ quantitative comparison of the response in the intact and vagotomized 
animals, whose resting respiratory pattern differed so greatly, was not 
possible with the type of recording employed. Subsequent denervation of the 
carotid bifurcations in two of these rabbits abolished all respiratory response 
to intravenous injections of godium cyanide in doses which had been effective 
in the intact animal. In three other rabbits denervation of the carotid 
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bifurcations alone abolished the increase in depth of respiration caused by 
sodium cyanide; the increase in rate was greatly reduced (Fig. 24, B). 
Similar observations were made on seven new-born rabbits (47-123 g body 
weight, 1-3 days of age). Injection of 2-5 or 4 wg sodium cyanide invariably 
caused an increase in the rate and depth of respiration. As in the adult also, 
vagotomy did not abolish the respiratory stimulation in four animals, but 
subsequent denervation of the carotid bifurcations wholly eliminated the 
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Fig. 2. Rabbit 2-7 kg body weight. 30 mg/kg sodiun. ventobarbitone 1.v. Top record mid-thoracic 
oesophageal pressure, middle record heart rate, bottom record arterial blood pressure. 
Intravenous injections of 200 pg sodium cyanide we. made at A and B, and of 200 pg 
nicotine at C and D. Between A and B the carotid bifurcations were denervated and between 
C and D the vagi were cut. 


response in two animals and almost completely in the other two. In three 
other new-born rabbits denervation of the carotid bifurcatic1s alone abolished 
the increase in depth of respiration caused by sodium cyan:de; the increase 
in rate was greatly reduced (Fig. 3). 


) The respiratory actions of nicotine and lobeline 

Nicotine has been widely used as a stimulant of carotid chemureceptors in 
species other than the rabbit, and it was a matter of some surprise when 
adult rabbits showed a change in breathing which differed considerably from 
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that observed on injection of cyanide. Further analysis of the phenomenon 
indicated that receptors in the lungs were involved in the respiratory response 
when injections were given intravenously (the respiratory chemoreflex, 
Dawes & Comroe, 1954). Lobeline behaved in the same way as nicotine. Both 
lobeline and nicotine proved to have actions closely resembling, though less 
powerful than, that described for 2«-naphthyl-ethyl-isothiourea (Dawes et al. 
1951). 

Intravenous injections of 100-400 yg nicotine were made into nine adult 
rabbits (1-7—2-7 kg body weight). There was an initial increase in the rate of 
respiration and almost invariably a decrease in the depth. This response 
occurred much sooner after the injection than that due to cyanide, from which 
it also differed in that the depth of respiration was not increased. Moreover, 
vagotomy abolished the rapid shallow breathing induced by nicotine. Injec- 
tion of nicotine into the cavity of the left ventricle in three rabbits failed to 


m 
sec 
A B 
Fig. 3. Rabbit 53 g body weight, 1 day old, 17 mg/kg sodium pentobarbitone 1.P. Top record 


mid-thoracic oesophageal pressure, middle record signal marks for injections of 2-5 ug sodium 
cyanide. Between A and B, the carotid bifurcations were denervated. a 


elicit the respiratory response characteristic of intravenous injections. In 
three rabbits the carotid bifurcations were denervated before nicotine was 
injected; rapid shallow breathing was observed on injection of nicotine and 
was abolished by vagotomy (Fig. 2C, D). In one experiment nicotine was 
injected alternately with 2a«-naphthyl-ethyl-isothiourea; the changes in 
breathing were almost identical though, weight for weight, nicotine was 
several times less active. It was concluded that the principal action of nicotine 
was on receptors in the lung, similar to those excited by 2«-naphthyl-ethyl- 
isothiourea. It now remained to determine whether, in addition, nicotine 
excited the chemoreceptors of the carotid body. When the dose of nicotine 
was increased, responses other than the characteristic rapid shallow breathing 
appeared. It proved difficult to carry the analysis of these changes to com- 
pletion, but in five vagotomized animals there was an increase in both the 
rate and the depth of respiration. This was abolished by denervation of the 


‘ carotid bifurcations; but in two out of three such animals injection of nicotine 


then caused prolonged respiratory pauses. | 
Lobeline (250-800 ug) was injected intravenously into two adult rabbits 

(1-6 and 2-5 kg body weight). This also caused rapid shallow breathing. This 

response was unaffected by denervation of the carotid bifurcations in one 
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rabbit, but was abolished by vagotomy; in the other rabbit, after vagotomy | 
had eliminated the rapid shallow breathing, lobeline caused a brief apnoea 
followed by an increase of respiratory rate and depth. The latter was abolished 
by denervation of the carotid bifurcations. 

The action of lobeline was examined in four new-born rabbits (1-14 days 
old, 47-87 g body weight). Three intact animals and one in which the carotid 
bifurcations had been denervated all responded with characteristic -rapid 
shallow breathing when 10-50 jg lobeline was injected intravenously. The vagi 
were cut in three of these animals and this abolished the rapid shallow 
breathing (Fig. 4). Two new-born rabbits with intact carotid bifurcations 
showed a small increase in the rate and depth of respiration (in one animal only 
with a larger dose) after vagotomy, but this was abolished when the carotid 


Fig. 4. Rabbit 57 g body weight, 1 day old, 18 mg/kg sodium pentobarbitone 1p. Top record 
mid-thoracic oesophageal pressure, middle record signal marks at which 40 yg lobeline was 
injected. Between A and B the vagi were cut. 


bifurcations were denervated. In one other rabbit (<1 day old), whose carotid 
bifurcations had been denervated, 1 ug 2«-naphthyl-ethyl-ssothiourea caused 
intense rapid shallow respiration; this was abolished by vagotomy. 


The effect of anoxia on the respiration of new-born rabbits 

The new-born human infant does not maintain hyperpnoea in response to 
the continued administration of 15° O, for more than a few minutes (Cross & 
Oppé, 1952). It therefore was of interest to see whether the new-born rabbit, 
which appeared to be in possession of functional carotid chemoreceptors, as 
shown by the injection of sodium cyanide, behaved in the same way. 

Ten new-born rabbits were given gas mixtures containing 8-18% O, to 
breathe on thirty-nine occasions, on three of which the two rabbits concerned ~ 
were not anaesthetized. The remainder of the observations were made under 
mucl. lighter anaesthesia than was possible in other experiments, since no 
surgical procedures were required and breathing was recorded without 
restraining the rabbit (see Methods). Part of the record obtained during a 
typical experiment upon a 5-day-old rabbit is shown in Fig. 5. When the 
rabbit was given 11% O, to breathe shortly after 10.52 a.m. there was 4 
considerable increase in tidal air and respiratory rate. Twelve minutes later, 
at 11.04 a.m., though still breathing 11% O, the tidal air was smaller and the 
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respiratory rate had actually fallen below the initial value. On giving the 
rabbit air to breathe respiration became slow and periodic and then gradually 
recovered. 

In thirty-eight out of the thirty-nine periods of partial anoxia there was 
an initial increase in respiratory rate. In four rabbits less than 1 day old, 
whose mean respiratory rate when breathing air was 72/min, it increased to 
93/min (by 29%). In six rabbits 3-6 days old, whose mean respiratory rate 
on air was 58/min, it increased to 94/min (by 62%). Thus the maximal 
respiratory rate in the two groups was the same, although the proportionate 
rise was different. The increase of respiratory rate was maintained for less than 


194% 


— 5 sec 

Fig. 5. Rabbit 91 g body weight, 5 days old, 7 mg/kg sodium pentobarbitone 1.r. Tidal air was 
recorded by measurement of the change of electrical capacity between the rabbit and a brass 
cylinder surrounding it, as described under Methods. Two continuous sections of record are 
shown. During that beginning at 10.52 a.m. the gas mixture breathed by the rabbit was 
changed from air to 11% O, at the arrow. The second record began at 11.04 a.m. and shows 
_ the effect of changing the gas mixture back from 11% O, to air at the arrow. The inter- 
ruption in the first record followed a gasp so large that the cut-out safeguarding the pen 

recorder suspension operated ; this was reset after a few seconds. 


5 min by rabbits on the first day of life, on the average, but for more than 
10 min by the older rabbits (Fig. 5). The mean increase of minute volume in 
the older group was 76 % (maintained on an average for 74 min); it was 58%, 
(maintained for less than 3 min) in the two rabbits of the younger group in 
which it was measured. Although the increase of respiratory rate was fairly 
well maintained during short periods of anoxia, the tidal air often failed to 
increase very much or even gradually diminished. After some 5-10 min the 
respiratory rate also often decreased, with the result that the minute volume 
fell below that observed while breathing air before anoxia. When the rabbit was 


_ given air to breathe after a period of anoxia, there was usually a further depres- 


sion of breathing, and occasionally periodic respiration, as shown in Fig. 5. 

In the course of the experiments it was noticed that a decrease of environ- 
mental temperature was usually accompanied by a substantial increase in 
respiratory rate and tidal air. The environmental temperature of four rabbits 
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was varied from about 20° C to as much as 35° C, and the response to the same 
low oxygen mixture was observed at different temperatures. The increase of 
respiratory rate and of minute volume during anoxia was smaller and less well 
maintained at a lower temperature (Fig. 6). 


38°C 


2.30 p.m. 


mC 


Breaths/min 


Minute volume (ml./min) 


PC 


4.38 p.m. 
0 10 20 30 
Minutes 
Fig. 6. Rabbit 110 g body weight, 4 days old. 6 mg/kg sodium pentobarbitone Lr. at 2.06 p.m. 
Open circles respiratory rate, closed circles minute volume. During the periods indicated by 


the solid lines the rabbit breathed 11% O, instead of air. The environmental temperature 
and the time at which each observation was made is shown on each record. 


In other experiments it was found that administration of low-oxygen 
mixtures (10°) resulted in a decrease of oxygen consumption, as in the new- 
born of other species. The relationship between this phenomenon and the 
observations recorded in the two preceding paragraphs has not yet been _ 
explored. 


DISCUSSION | 
Lim & Snyder (1945) described an increase in the rate and depth of breathing 
of new-born rabbits when cyanide was injected, and it is now clear that infant 
rabbits respond to anoxic stimuli even on the first day of life by the same 
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reflex mechanism as do adults. Their carotid chemoreceptors are well developed 
and they are at least as sensitive as the adult towards sodium cyanide on a 
weight-for-weight basis. 

The respiratory stimulation caused by the intravenous injection of ellie 
cyanide in rabbits was almost abolished by denervation of the carotid bifur- 
cations, and is therefore attributed predominantly to excitation of carotid 
body chemoreceptors. This observation accords with the conclusion reached 
by several workers from experiments on adults of this species, in which the 
carotid bifurcations were acutely (Schmidt, 1932; Wright, 1934), or chronic- 
ally (Smyth, 1937; Wright, 1937) denervated, that receptors in the aorta and 
great vessels are of little importance in the reflex respiratory response to 
anoxia. The failure of electrical stimulation of the aortic nerve of adult rabbits 
to evoke @ pressor response was attributed to the absence of chemoreceptor 
fibres from this nerve by Neil, Redwood & Schweitzer (1949), who suggested 
that the fibres might run up the vagus in the rabbit. It is even possible that 
some rabbits altogether lack functional aortic chemoreceptors. It has been 
proposed, on anatomical grounds, that though these structures are present in 
the rabbit at an early stage of embryonic growth, they may subsequently dis- 
appear (D’ Agostini, 1954; A. Howe, personal communication). 

The cardiovascular changes observed after the administration of sufficient 


’ sodium cyanide to give a pronounced respiratory response were insignificant, 


even in adult rabbits (Fig. 2). The lack of change of heart rate on chemo- 
receptor stimulation tends to confirm the conclusion of Neil (1956), drawn 
from experiments on adult cats, that chemoreceptor stimulation does not in 
itself cause a reflex tachycardia. The possibility must also be considered that 
the blood pressure did not rise significantly because of the integrity of the 
presso-receptor mechanisms. 

These observations are of interest in another connexion. In 1939 Bauer 
established that new-born rabbits showed only a trivial rise of blood pressure 
during acute asphyxia, although it was known that adult rabbits responded 
with a large rise (Jarisch & Wastl, 1926). This finding was confirmed (Dawes, 
Handler & Mott, 1957), and there was also little or no increase in heart rate 
during asphyxia or anoxia. Three explanations for this difference were con- 
sidered. First, it was suggested that the new-born rabbit might be less sensitive 
to pressor amines than the adult—this possibility was excluded. Secondly it 
was proposed that the chemoreceptor reflexes might be inadequately developed ; 
the evidence in the present paper is against this general proposition, in that the 
respiratory response to oxygen lack is certainly well established at birth. The 
third possibility envisaged, which has not yet been explored, was that the 
special features of the neonatal circulation (such as continued patency of the 
ductus arteriosus) in some way militated against a rise in arterial pressure 
during anoxia in the new-born rabbit. 


g 
mm. 
ire 
ne 
Pn 
ig 
e 


94 G. 8. DAWES AND JOAN 0. MOTT 


It is likely that nicotine and lobeline stimulate the chemoreceptors of the 
carotid body in the rabbit as in other species, but when the injections are given 
intravenously the effect is obscured by another reflex arising in the lungs. 


Rapid shallow breathing due to stimulation of receptors in the lungs 

Dawes et al. (1951) described the rapid shallow breathing which occurred in 
rabbits when certain amidine and isothiourea compounds were injected intra- 
-venously, but not when injected beyond the pulmonary vascular bed. 
2a-naphthyl-ethyl-isothiourea and phenyl diguanide were the most active of 
these compounds in rabbits. This response was reflex (subsequently called the 
pulmonary respiratory chemoreflex, Dawes & Comroe, 1954) since it dis- 
appeared when the vagi were cut, but the receptors responsible for it were at 
that time unknown. That the pulmonary stretch endings were not involved 
was shown by the persistence of the reflex when the vagi were cooled to 
temperatures (8° C) at which the afferent nerves from these endings were 
blocked. A corresponding reflex was also observed in cats, and Paintal (1955) 
has shown that the pulmonary afferent endings in this species give rise to small 
vagal action potentials on injection of nicotine, and are to some extent excited 
by deflation of the lungs. Recently Takasaki (1956) has described rapid shallow 
breathing elicited from the pulmonary vascular bed of adult rabbits by intra- 
venous injections of nicotine and found that this also was abolished when the 
vagi were cut. 

Lim & Snyder (1945) investigated, but did not analyse, the effects of a 
number of reputed respiratory stimulants in new-born rabbits. They used 
rather large doses of lobeline (2 mg/kg) and their records show that it caused 
rapid shallow breathing. This can now be attributed to stimulation of receptors 
in the lungs (probably ‘deflation endings’). Lobeline has been considered by 
some observers to be of value in the resuscitation of the new-born baby, to 
whom it has been given, intravenously, in doses of about 1 mg/kg. The 
mechanism of its action has not been susceptible of analysis in babies. Some 
have assumed that it sensitized the respiratory centre to carbon dioxide 
(Litchfield, 1945), while others (Gairdner, 1954) concluded from the experi- 
ments of Heymans, Bouckaert & Dautrebande (1931) on adult dogs that it 
excited the chemoreceptors of the carotid body. If new-born human babies 
resembled new-born rabbits, administration of lobeline should have caused 
rapid shallow breathing. It is, however, said to cause an increase in both the 
rate and the depth of respiration in human babies (Wilson, Torrey & Johnson, 
1937; Litchfield, 1945). However, it is just possible that most of a dose of 
lobeline injected into the umbilical vein might reach the left heart via the 


foramen ovale in an apnoeic baby, and so bypass the lungs to stimulate the 
carotid or aortic chemoreceptors preferentially. 
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Resparatory behaviour in the new-born rabbit 

The experiments described in this paper demonstrate that the ability of the 
new-born rabbit to respond to several respiratory stimuli, both chemical and 
physical, is not inferior to that of the adult. There is a prima facie case for 
concluding that in fhe new-born rabbit both the Hering-Breuer reflexes and 
the carotid body chemoreceptor reflex are functional, and that there are also 
pulmonary receptors which behave in a manner analogous to that described 
in the adult cat and rabbit. 

One of the interesting features of these experiments was that it proved 
possible to duplicate, in the new-born rabbit, a phenomenon described by 
Cross & Oppé (1952) in the new-born human baby. Administration of low- 
oxygen mixtures caused a temporary increase in minute volume which dis- 
appeared after a few minutes. They concluded that the respiratory stimula- 
tion was due to a chemoreceptor reflex, and that the failure to maintain the 
response was due to the depressant effect of lack of oxygen upon the respiratory 
centres. In new-born rabbits we are tolerably certain that the carotid chemo- 
receptor reflex is present, and, therefore, that the respiratory stimulation can 
be attributed to this mechanism. In rabbits which were less than 1 day old 
the proportionate increase in respiratory rate, and the ability to maintain 
hyperpnoea, were less than in those which were 3-6 days old. We cannot con- 
clude that the chemoreceptor mechanism was more efficient in the latter 
group, however, because they started at a lower respiratory rate while 
breathing air, and the maximal respiratory rates were identical in the two 
groups. The ability to maintain hyperpnoea was related to the environmental 
temperature. When the temperature was low, the minute volume was already 
increased while breathing air; anoxia caused a further increase which was both 
absolutely and relatively smaller than at higher environmental temperatures. 
It was also established that a similar degree of anoxia reduced oxygen con- 
sumption in the new-born rabbit, as it does in the new-born of other 
species. It is possible that the failure to maintain hyperpnoea in a cool 
environment may be related to the way in which O, consumption is reduced 
during anoxia (e.g. by a decrease in muscle tone) as much as by a direct 
depressant action upon the respiratory centre. 


SUMMARY 


1. A method is described for measuring tidal air in small animals without 
surgical interference. 

2. The Hering-Breuer reflexes were present in the new-born rabbit. 

3. Injections of sodium cyanide caused respiratory stimulation in the adult 
and new-born rabbit, due to an action predominantly on the carotid bodies. 
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4. Injections of nicotine or lobeline into the jugular veins of adult and new- 
‘born rabbits caused rapid shallow breathing by an action on receptors in the 
lungs. This phenomenon was abolished by cutting the vagi. 

5. Administration of low O, mixtures to new-born rabbits caused a fall in 
O, consumption and hyperpnoea. The hyperpnoea was usually maintained for 
a few minutes only, for longer in the older rabbits than in the younger ones, 
and better in a warm environment than at room temperature. 

6. These observations demonstrate that several respiratory reflexes 
function effectively in the new-born rabbit. They suggest that failure to 
maintain hyperpnoea during anoxia is not necessarily related to depression of 
the respiratory centre. 


We wish to thank the Nuffield Committee for the Advancement of Medicine for a grant which 
has made this work possible. 
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VISION WITH CONTROLLED MOVEMENTS OF 
THE RETINAL IMAGE 


By R. W. DITCHBURN, D. H. FENDER anp STELLA MAYNE 
From the Physics Department, University of Reading 


(Received 24 July 1958) 
Previous work on eye movements (Lord & Wright, 1950; Ratliff & Riggs, 1950; 
Barlow, 1952; Ditchburn & Ginsborg, 1953; Riggs, 1958) has shown that when 
a subject fixates as steadily as possible upon a well-defined target, certain 
involuntary eye-rotations persist. 

The natural involuntary movements of the eye include (i) a high frequency 
tremor of amplitude less than 0-5 minute of arc (min.arc) and frequencies up 
to 150 c/s, (ii) intermittent rapid flicks of up to 50 min.are occurring at 
irregular intervals (from 0-03 to 5 sec), and (ili) a slow motion drift at the rate 
of about 1 min.arc/sec in the interflick periods. 


It is convenient to use a common measure for rotations of the eye, size and motion of the target 
and for movements of the retinal image. This is obtained by referring them all to equivalent angles 
in the visual field. The minute of arc is taken as the unit angle, the second being used only as a 
unit of time. At the fovea, 1 min .arc corresponds to a distance of about 5y; the distance between 


the centres of adjacent cones is about 0-6 min .arc. 

The fact that these involuntary movements exist does not prove that they 
have any important function in visual perception. However, by means of a 
device previously described (Ditchburn & Fender, 1955) it is possible to produce 
a visual target which moves so that its image remains on the same part of the 
retina despite involuntary eye movements. We call this a stabilized retinal 
image. When the subject views a stabilized image, perception of detail fails 
intermittently. For example a black bar a few min.are wide on a circular 
field 60 min . arc in diameter (in the centre of the fovea) and 50 m-L brightness 
would be seen easily and continuously in normal vision. However, when the 
image is stabilized the bar appears to fade out leaving the whole field uniformly 
illuminated ; the bar reappears after a short interval and then disappears again, 
the whole process of ‘fade-out’ followed by spontaneous regeneration being 


repeated at irregular intervals with a median time of about 5 sec for the subject 
used in the experiments reported below. 
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Eye tremor causes the image to move across the retina so that the edges of 
a pattern (for example, the edges of the black bar) are scanned across certain 
retinal receptors which are therefore subjected to rapid changes of illumination. 
Marshall & Talbot (1942) suggested that these changes generate ‘on’ and ‘off’ 
responses in the nerve pathways associated with the stimulated retinal re- 
ceptors. They showed that many experimental results could be included in a 
theory of this type. Ditchburn (1955) discussed the effect of eye movements 
as a whole, taking into account the results of some early experiments with the 
stabilized image. He attributed the impairment of vision with the stabilized 
image to the loss of some of the information derived from the on-off signals. 

If this theory is correct, it should be possible to improve vision with the 
stabilized retinal image by introducing controlled movements of the retinal 
image. Experiments of this type are reported in a later section of this paper. 
Vision should also be restored by using intermittent illumination of the 
stabilized retinal image, and this effect has also been observed (Ditchburn & 
Fender, 1955). 


Fig. 1. Apparatus for producing a stabilized retinal image. For explanation see Text. 


METHODS 
Stabilization apparatus 

The apparatus shown in Fig. 1 can be used for produging a stabilized image and was described 
in detail by Ditchburn & Fender (1955). For convenience its operation is now summarized before 
describing the modifications needed to give controlled movements of the retinal image. Light 
from the ball B of a ‘ Pointolite’ lamp is rendered parallel by the lens L, and illuminates the test 
object. The lens L, focuses the source on the mirror M, and forms an image of the test object at /,. 
For convenience, the projector system is above the plane of the diagram and the beam is brought 
into-the plane by a periscope P. The lens L, forms an image of J, on the ground-glass screen @ 
__ by reflexions at the mirrors M, and M,, and the subject views this screen directly. The lens L, 
reverses the direction of motion of the image with respect to the eye, but this is corrected hori- 
zontally by the pair of mirrors M, and M, and vertically by mirror analogue of a Dove prism. 
The magnification of the optical system may be adjusted so that the angular movement of the 
image on the ground-glass screen is the same as the angle of rotation of the eyeball, and thus the 
retinal image is stationary with respect to the retinal receptors. i 
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Apparatus for producing controlled movements of the retinal image 

The natural movements of the retinal image derived from eye movements having been annulled 
by stabilization, it is possible to introduce retinal image movements which are controlled by the 
experimenter and not by the voluntary or involuntary eye movements of the subject. The modi- 
fications needed for this purpose will now be described. 

Simulation of drift. The effect of the natural drift movement may be simulated by giving the 
retinal image an oscillatory movement of large amplitude and of period comparable with the mean 
time between flicks in normal vision. The apparatus shown in Fig. 1 was mcdified in the following 
way. The mirror M, was carried on a pivoted mount; a small metal bellows (sealed at normal air 
pressure) was placed behind the mirror and was connected by a length of flexible plastic tubing to 
a larger bellows which could be deformed by a crank arm driven by an electric motor mounted 
independently on the floor. The eccentricity of the crank could be varied, thus altering the dis- 
placement of the large bellows. The pressure generated deformed the small bellows slightly and 
this displacement was used to rotate the mirror M, through a small angle about the vertical axis. 
In this way the image on the screen G was given a motion additional to the movements which 
produced stabilization, thus producing a slow movement of the retinal image in the horizontal 
direction with respect to the retinal receptorz. The target used for this work was a fine vertical 
black line on a bright circular field 60 min.arc in diameter. The two bellows joined by small-bore 
tube form a filter system which rejects any high frequency vibrations generated by the motor and 
its gearing. 

Simulation of flick and tremor. The apparatus used for introducing flick movements and for 
simulating a high frequency tremor is an adaptation of the Eindhoven string galvanometer. A fine 
wire which passes between the poles of a strong magnet is used to form the vertical black line in the 
test object of the stabilizing system shown in Fig. 1. 

If the wire is connected to a battery through a resistance and a key, then a rapid movement of 
the wire is produced by closing the key, and the displacement may be adjusted by altering the 
resistance. In the experiments on simulated flicks the motion of the wire was critically damped so 
that there was no overshoot of the image as there is in a natural flick. The movement took place 
in about a millisecond, that is, more rapidly than in a natura) flick. 

If alternating current is passed through the wire then oscillatory movements are produced. In 
order to have available frequencies down to 4 c/s, the alternating current is generated by a bar 


magnet rotating between coils. Thie magnet is carried on the spindle of a smal! servomotor which ~ 


also drives a chopper disk. A beam of light passes through the disk into a photo-electric cell, the 
amplified output of which is applied to the input terminals of a frequency meter; the frequency 
of rotation of the magnet and hence the frequency of vibration of the line can thus be read directly. 
The movement of the wire was recorded photographically on a magnified scale; the meorynemant was 
found to be sinusoidal and the amplitude was obtained from the record. 

- Experiments have been performed using vibrations as small as 0-05 min.arc in amplitude. 
Menintiiniaita on movements of this magnitude can give significant results only when stringent 
anti-vibration precautions have been taken. The apparatus is therefore mounted on a massive table 
made of well-seasoned oak, the table being firmly fixed to a bitumastic floor. Components which 
must be shielded from vibration are attached rigidly to the table, using kinematic constraints 
where possible. Those pieces of the apparatus which might cause vibration, electric motors, chopper 
disks, electro-magnetic shutters, are mounted elastically and where possible on individual supports 
fixed to the floor. 

Reduction of results. It is necessary to have a criterion for assessing the loss of vision due to 
stabilization. We define the visibility factor V thus: 

v= Time for which the image is seen clearly 
Total time of observation 
The time of observation is 60 sec. This period is long compared with the median time of alternation 
of 5 sec for the visibility of a stabilized image, but it is n..t so long as to fatigue the subject unduly. 
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'n all tests of visual performance, especially near a threshold, it is found that there is a day-to- 
day variation in the subject’s response even when the experimental conditions are maintained 
constant. In the present series of experiments thie appears as a variation in the visibility factor 
as defined above. If however we measure alternately the visibility factor with no imposed move- 
ment and the visibility factor with an imposed movement, the experimental conditions for each 
measurement being méaintamed constant, then we find that these vary together. A reduction 
formula can thus be used to eliminate the variation of the visibility factor with no imposed 
movement in comparing the effects of different imposed movements. 

Moreover, it simplifies the presentation of the results if the formffla is used to reduce the results 
obtained for certain standard visual conditions to standard numbers; that is, complete visibility 
of the image is to be represented by unity, total disappearance by zero and the visibility of a 
stabilized image with no imposed movement by some fixed number within this range. The formula 


which we use is: Fe 
(1- Va) (V,- Vo) 


where Vy is the measured visibility factor with imposed movement; 
V, is the mean of two measurements of the visibility factor (without imposed movements) 
made immediately before and after the measurement of V4; 
V, is the mean value of V, over the whole series of experiments; and 
Vp is the reduced value of V3, which we take as the measure of the efficiency of vision with 
imposed movement. “ 


A reduction process of this type is suitable only for a restricted variation of V,. For tremor and 
drift we use it to reduce values of V, between 0-21 and 0-60 to a standard value of V,=0-37. 
~ Reproducibility of observations. Viewing the stabilized image makes fairly severe demands on 
the subject and reports become irregular if periods of observation are prolonged beyond about 
half an hour. It is therefore not possible to derive the standard deviation for each individual point 
by repeating each observation a large number of times, but a number of selected conditions were 
repeated up to ten times. For example in a series of experiments in which the line vibrated 
0-86 min.arc at 20 c/s, the result was Vp=0-37 with a standard deviation for the mean value of 

The reliability of individual points is assessed by subdividing the 60 sec period into three in- 
tervals each of 20 sec and determining the mean deviation of the three results. This deviation is 
found to correlate fairly well with the deviation of the individual value from the group mean in 
those tests which were repeated a number. of times. In the diagrams which follow, black circles 
represent observations whose mean deviation is <0-06, open circles represent those whose mean 
deviation is >0-06 but <0-15. When the mean deviation exceeds 0-15 the observation is rejected. 


RESULTS 
Imposed drift (or low-frequency oscillation) 
Experiments have been performed with a constant frequency of 0-55 c/s, but 
with various amplitudes. The target was a vertical black line 5 min.are wide 
across a circular patch 60 min.arc in diameter and 15 mL brightness. Values 
of Vp for various drift amplitudes are shown in Fig. 2. It will be seen that 
although Vp rises as the amplitude is increased, no significant increase has 


occurred at the median drift amplitude of normal vision. We conclude that the 


normal median drift by itself cannot prevent ‘fade-out’, though the larger 
drifts may have some effect. 
The imposed movement takes the line away from the sieiel axis. The subject 
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attempts to follow the movement but the stabilization arrangements prevent 
him from overtaking the image. The abnormal situation created by the 
imposed movements was always apparent to the subject, and the large ampli- 
tude movement sometimes caused a sensation of nausea. 


Visibility factor Vp 


10 30 40 50 
Amplitude of imposed drift (min . arc) 
Fig. 2. Effect of imposed drift motion on the visibility of a stabilized retinal image. The small 
work when fixating without stabilization. 


Imposed flicks 


Using the apparatus described above with a bar 3 min.arc in width and a | 


field of 15 m-L brightness, the effect was studied of rapid movements with a 
displacement varying from 2-5 to 25 min.arc. 

The value of V, for different flick amplitudes is shown in Fig. 3. It will be 
seen that flicks for all values of the displacement down to the smallest tested 
(2-5 min. arc) produced a marked increase in Vp. The smallest flick moved the 
image across only four cones. Flicks of amplitude much less than that of the 
median flick of normal vision are sufficient to cause regeneration. 

The subject reported that for all amplitudes of flick used in these trials the 
wire movement could be seen. Regeneration of the image always followed the 
flick and gave a very sharp image, that is, sharper than that which is normally 
observed after spontaneous regeneration. 


Imposed tremor 
A series of experiments designed to measure the effects of small tremor 
motions has been performed on one subject. The target was a vertical black line 
2-75 min.are wide on a circular background 60 min.arc in diameter and of 
50 mL brightness. The amplitude and frequency of the motion were varied 
over the range 0-05-1-10' min.are and 4-20 c/s respectively. The different 
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} amplitudes and frequencies were presented in irregular order, together with 
presentations of the stationary target. 

Fig. 4 shows the results obtained in this series of experiments; these results 
are displayed as smoothed curves to clarify the figure. The consistency of the 
data on which these smoothed curves are based is illustrated in Fig. 5 in the 
case of 8 c/s and 20 c/s imposed tremor. 


Visibility factor V, 


02 


20 
Amplitude of imposed flicks (min. arc) 
Fig. 3. Effect of imposed flick motion on the visibility of a stabilized retinal image. The small 

vertical arrow indicates the median flick amplitude for the subject used in this work. 
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Amplitude of imposed tremor (min . arc) Amplitude of imposed tremor (min . arc) 
Fig. 4. Fig. 5 
Fig. 4. Effect of imposed tremor motions on the visibility of a stabilized retinal image. Smoothed 
constant-frequency curves. 


Fig. 5. Effect of imposed tremor motions on the visibility of a stabilized retinal image. Constant- 
frequency curves showing experimental points. 
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The smoothed curves of Fig. 4 have been used to generate the contour map 
of visibility as a function of both amplitude and frequency of imposed tremor 
shown in Fig. 6. No measurements were made at frequencies below 4 ¢/s; 
this portion of the diagram is therefore conjectural and the contours are shown 
as dotted lines. 
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Frequency of imposed tremor (c/s) 


0 0-2 0-4 0-6 0-8 10 
. Amplitude of imposed tremor (min . arc) 
Fig. 6. Effect of imposed tremor motions on the visibility of a stabilized retinal image as a func- 


tion of both amplitude and frequency. The numbers against the contours indicate the value 
of the visibility factor Vp. 


It will be seen that for all frequencies tested, a smail-amplitude tremor 
(<0-3 min.arc) results in a depression of the level of visibility below that 
obtained for a stationary line in stabilized vision. At an amplitude of about 
0-3 min.arc, however, there is a steep rise in visibility and the target is seen 
nearly all the time at amplitudes greater than this value except when the 
frequency is 15 c/s. 

The 15 c/s curve of Fig. 4 is different from the remainder of the family and 
its effect is best seen on the contour diagram. Conditions of good visibility are 
indicated by the plateau shown in the lower right-hand quadrant of Fig. 6; 
in this region the value of V, exceeds 0-90. The poor visibility zegion is a valley 
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(shaded in the diagram) running right through the frequency range from 4 to 
20 c/s for amplitudes smaller than 0-3 min.arc. At 15 c/s, however, this valley 
turns and cuts into the good-visibility plateau as far as 0-6 min. arc. 

A slight fall in visibility occurs at amplitudes of about 1-0 min.arc. For 
displacements as large as this, however, those retinal receptors which would 
normally lie along the centre of the retinal image of the black line receive an 
exposure to light at each extremity of the image motion. Frequency doubling 
thus begins to occur for some receptors at this — and this changes the 
experimental conditions. 


DISCUSSION 


The eye movements present during normal fixation are a mixture of drift, 
flick and tremor motions. In the experiments reported here each type of 
retinal image motion has been introduced separately, and we have sought the 
conditions which produce V,=1. In the following discussion we describe this 
condition as ‘normal vision’ but it should be remembered that this really 
means ‘the target line was seen all the time’. In normal vision the eye can do 
much better than this; for example, at the brightnes:es used in these experi- 
ments a black line less than 1 min. are wide can be seen clearly all the time by 
the subject. 

Imposed drifts were4ound to restore the visibility of a stabilized image to 
normality only when they were comparable in extent with the largest drifts 
observed in normal vision. A histogram of drift amplitudes shows a very 
skewed distribution with the small drifts predominating. A drift large enough 
to maintain normal vision is therefore a rare occurrence, and if we postulate 
that eye movements play an essential part in preserving visual acuity and 
contrast discrimination, then the normal drift component of eye movements 
can make only a small contribution. 

The results of the experiments on imposed flicks suggest that this motion 
alone is capable of supporting normal vision. This, howeyer, must be accepted 
with some caution, for the experiment was performed in such a way that an 
imposed flick was generated immediately the image appeared to * fade-out’; 
thus if a flick produces any regeneration of the image at all, this experiment 
will tend to indicate full visibility. The significant finding from this experiment 
is thought to be that any flick down to the smallest tested (4 cone-diameters) 
produced an immediate sharp regeneration of the image which then tended to 
fade out again. 

The perception of a stabilized image with no imposed movement goes through 
one complete cycle of good visibility followed by ‘fade-out’ and then re- 
generation in a median time of 5 sec. The visibility factor for such an image 
is about V,=0-40, indicating that the image is seen for 2 sec out of the 
5 sec ~_ During this 2 sec period the image is first seen clearly, then the 
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boundaries become fuzzy and finally the image appears to fade into a field of uni- 
form illumination. Only when all this has happened is the image reported as no 
longer seen. The median interflick period for the subject used in this work is 
1-0 sec; this is an appreciable fraction of the time for which an image is seen 
in stabilized vision, hence if flicks alone are responsible for maintaining visual 
acuity it would be expected that this subject would see some of the regime of 
‘fade-out’ even in normal vision. This is not the case, hence we must conclude 
that although flicks may well play an important part in sustaining vision, 
some additional mechanism must be operative. 

It is very attractive to ascribe this role to the tremor motion of the eye; as 
will be seen from the ‘good visibility’ plateau of Fig. 6 there is an extensive 
choice of frequency and amplitude pairs which support normal vision. The 
use of an oscillatory motion instead of an impulsive one as in the flick would 
also appear to be an economical way of maintaining the level of visibility. The 
normal tremor of the eye is rather irregular but a preliminary Fourier analysis 
shows it to be a continuous spectrum of frequencies running from 1 ¢/s up to 
150 c/s (which is the resolution limit of the instrument). However, the ampli- 
tude associated with any particular frequency of normal eye movements tends 
to lie outside the plateau region of Fig. 6; indeed many of the normal compo- 
nents are in the depressed region below 0-3 min.arc amplitude. Fig. 6 shows 
the efficacy of any one component of specific amplitude and frequency acting 
alone, whereas all possible components are present simultaneously in normal 
eye movements. The contributions from the separate components are un- 
doubtedly additive, but so far we have no information on this matter. We see 
then that tremor could be used by the eye to maintain visual acuity only if 
there is a summation of effects over the whole frequency spectrum of eye 
movements. 

The decrease which occurs in the visibility of a stabilized image with an 
imposed tremor of small amplitude may provide evidence for the interplay 
between steady-state signals and on-off signals in the perception of detail. 
When viewing a stabilized image with no imposed movement there can be no 
on-off signals generated by retinal image movements, and the visual acuity 
which remains may be ascribed to steady-state signals in the nervous path- 
ways. If the vertical line of the stabilized image is given a small amplitude 
tremor motion then the average illumination falling on receptors along the 
boundaries of the line will be changed and this may decrease the perception of 
the boundaries unless the on-off signals which are now generated act in the 
opposite sense. In the tremor experiments reported above it is noticeable that 
a very steep rise in visibility occurs for amplitudes exceeding 0-3 min. arc; 
this corresponds to a displacement of 0-6 min.arc, which is roughly equa! to 
the intercone spacing. It would thus appear that at the level of illumination 


used in these experiments (50 mL) the on-off response predominates only 
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when the cone receives a complete exposure. This effect is practically inde- 
pendent of frequency. 

Considering the results reported in this paper as a whole it is obvious that 
no single component of normal eye movements is capable of maintaining 
critical vision when acting alone. If normal eye movements are to be capable 
of maintaining clear vision this capacity must depend upon additive interplay 
between the different components. 


SUMMARY 


1. Retinal image movement is annulled by means of an apparatus which 
produces a visual target which moves so that its image remains on the same 
part of the retina despite movements of the eye. 

2. Itis found that imposed motion similar to the drift component of normal 
eye movements has little effect in preventing the ‘fade-out’ which occurs with 
a stabilized image. © 

3. Imposed motion similar to a natural flick produces a very sharp re- 
generation of the image which then fades out again. It is concluded that the 
flick motion plays a part in maintaining vision but is not the only effect 
operative in this respect. 

4. Small amplitude imposed tremor motions also maintain vision, but the 
effect must rely on a summation over the whole frequency range of eye 
movements. 


We wish to thank Professor R. C. Oldfield and Professor D. Whitteridge, F.R.S., for helpful 
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THE EFFECTS OF ADRENALINE AND NORADRENALINE ON 
PULMONARY HAEMODYNAMICS WITH SPECIAL REFERENCE 
TO THE ROLE OF REFLEXES FROM CAROTID SINUS 
BARORECEPTORS 


By M. pz BURGH DALY* ann C. P. LUCKt 
From the Department of Physiology, University College London — 


(Received 24 July 1958) 


We have shown recently that alterations in carotid sinus pressure cause 
considerable changes in pulmonary blood flow measured directly and con- 
tinuously by means of a rotameter flowmeter (Daly & Luck, 1958). In these 
experiments the stimulus to the baroreceptors was applied by altering the 
pressure in the carotid sinuses isolated from the circulation. Under natural 
conditions, however, changes in carotid sinus pressure are always accompanied 
’ by similar directional changes in pressure in all systemic arteries. It was 
therefore of interest to find out whether alterations in cardiac output which, 
under certain conditions, accompany changes in systemic blood pressure, are 
in any way dependent upon reflex effects arising from the carotid sinuses. In 
the experiments to be described, changes in systemic blood pressure were 
produced by intravenous injection of adrenaline or noradrenaline and the 
effects of these amines on the cardiovascular system were observed before and 
after exclusion of the carotid sinuses from the circulation. 

It has been shown previously by Heymans (1930) and by Heymans & 
de Vleeschhouwer (1950) that intravenous injection of adrenaline or noradrera- 
line in dogs under chloralose anaesthesia caused a reflex bradycardia through 
stimulation, by the rise in systemic blood pressure, of the baroreceptors 
situated in the carotid sinuses and aortic arch. There is less agreement, how- 
ever, as to whether reflexes from the carotid sinuses modify the systemic blood 
pressure response to an injection of adrenaline (cf. Cuypers, 1935; Brown & 
Hilton, 1955; Heymans, de Schaepdryver & King, 1956). 


* Present address: Department of Physiology, St Bartholomew's Hospital Medical College, 
Charterhouse Square, London, E.C.1. 

Present address: Department of Physiology, 
Africa, Kampala, Uganda. 
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METHODS 

Dogs of 12-4-21-9 kg body weight received premedication with morphine hydrochloride (1-2 mg/kg 
subcutaneously). Half an hour later they were anaesthetized with either chloralose (0-1 g/kg intra- 
venously), # mixture of chloralose (0-05 g/kg) and urethane (0-5 g/kg intravenously) or 0-25 ml./kg 
intravenously of a 1:1 mixture of Dial Compound (Ciba Laboratories Ltd, diallyl-barbituric acid 
0-1 g and urethane 0-4 g/ml.) and pentobarbitone sodium (Nembutal, Abbott Laboratories Ltd). 
In a few experiments, the dogs were anaesthetized with pentobarbitone sodium (40 mg/kg intra- 
venously) without premedication. 

The animals were ventilated artificially by means of a Starling ‘Ideal’ pump either at a constant 
peak inflationary pressure which varied from 10 to 15 cm H,0 in different experiments or at 
constant volume. The chest was opened either in the mid-sternal line or in the fourth left inter- 
costal space. Changes in total pulmonary blood flow were measured either indirectly as changes 
in blood flow to the left diaphragmatic lobe or directly by measurement of the flow to both lungs. 
The methods used were the same as those described previously by Daly & Luck (1958). Blood 
flow was measured and recorded continuously on the kymograph by means of Shipley & Wilson 
(1951) type of rotameters in which were incorporated the modifications of Bell (1954). They were 
calibrated at the end of each experiment as described by Daly (1957). 

The methods of measuring systemic blood pressure in a femoral artery, heart rate, pulmonary 
arterial pressure and left and right atrial pressures were the same as those described by Daly & 
Luck (1958). 

Perfusion of the carotid sinuses. In some experiments the carotid sinuses were prepared in such 
a way that they could be perfused either through the common carotid arteries by the systemic 
circulation or artificially so as to maintain constant the mean carotid sinus pressure. For this 
purpose, the internal carotid, occipital and ascending pharyngeal arteries and any other small 
branches of the external carotid were ligated on both sides. Both external carotid arteries were 
then cannulated towards the sinuses, and the cannulae were connected to a perfusion reservoir 
of the type described by Daly (1955). The reservoir was filled with heparinized blood. With the 
rubber tubing to this reservoir clamped, the carotid sinuses were subjected to the same changes 
in pressure as in the systemic arteries via the common carotid arteries. Change over to constant 
pulsatile pressure perfusion of the sinuses from the reservoir could be effected in a matter 
of seconds by applying a bulldog clamp to each common carotid artery, and by removing the 
clamp on the tubing to the reservoir. This procedure was reversed when it was necessary to change 
the carotid sinuses back to systemic perfusion. 

In one experiment the aortic arch was denervated to exclude reflex effects from this site. For 
this purpose, the adventitia was stripped from the aorta from a level just above the origin of the 
coronary arteries to beyond the origin of the left subclavian artery. The nerve trunks coursing 
over the aorta and innervating the heart and lungs were preserved. 

Vascular resistance. The value for pulmonary vascular resistance (P.V.R.) was calculated from 
the mean pulmonary arterial pressure (measured distal to the rotameter), mean left atrial pressure 
and pulmonary blood flow: 

P.V.R, ~ Mean pulmonary arterial pressure minus mean left atrial pressure (mm Hg) 
Pulmonary blood flow (ml./min) 
In a few experiments in which pulmonary lobar blood flow was measured, pulmonary vascular 
resistance in the lobe was measured under conditions which excluded passive effects of changes 
in pulmonary arterial pressure. For this purpose the pressure taken from a side arm of the 
Proximal cannula in the lobar artery was maintained constant during the response to injection of 
a drug by controlling the blood flow to the lobe by means of a screw-clamp on the rubber tubing 
to the rotameter. 

The value for total peripheral vascular resistance (T.P.R.) in the systemic circulation was 

calculated thus: 


T.P.R. = 


Mean femoral 8.P. minus mean right atrial pressure (mm Hg) 


Total pulmonary blood flow (ml./min) 
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The values for vascular resistance were expressed in convenient units representing the pressure 
necessary to force 1 ml. blood/min through the pulmonary or systemic circulation. 

‘All animals were given heparin (Liquemin, Roche Products Ltd, 20-25 mg/kg) to render the 
blood incoagulable. A second dog was bled from a femoral artery under local anaesthesia after 
premedication with morphine hydrochloride (1 mg/kg) and the blood was used to fill the extra- 
corporeal circulation. Before bleeding heparin (7-8 mg/kg) was injected intravenously, Other 
drugs used were: adrenaline chloride (0-1 % solution in 05% chloretone; Parke, Davis & Co.), 
L-noradrenaline(Levophed, Bayer Products Ltd.) and atropine sulphate (British Drug Houses Ltd.). 


od RESULTS 


The cardiovascular effects of adrenaline or noradrenaline in doses of 140 yg 
(0-07-2-0 g/kg) were observed in three preparations in which total pulmonary 
blood flow was measured, and in nine involving measurement of blood flow to 
the left diaphragmatic lobe. The results obtained with both types of prepara- 
tion were the same. 

In dogs premedicated with morphine and anaesthetized with either chlora- 
lose, a mixture of chloralose and urethane or a mixture of Dial and Nembutal, 
the smallest effective doses of adrenaline or noradrenaline caused bradycardia. 
Larger doses caused increasing responses. As the effect of the amine gradually 
wore off, the heart rate returned to its resting level but in some instances this 
was preceded by an increase in rate above its control value. These responses 
are shown in Figs. la, b and 2a. In any one experiment the degree of brady- 
cardia appeared to be related to the rise in systemic blood pressure caused by 
adrenaline or noradrenaline (Fig. 1a, 6) and this is in keeping with the view 
that the bradycardia is reflex in origin through stimulation of the sino-aortic 
baroreceptors. The rise in systemic blood pressure, however, rarely exceeded 
50 mm Hg. It may be noted in Fig. 1a that a bradycardia occurred without 
appreciable change in mean systemic blood pressure. A similar response has 
been observed previously in the dog (Hamilton, 1953) and in man (Fuchs, 
1938; Lottenbach & Wegmann, 1955). 

Changes in total pulmonary blood flow or lobar blood flow were variable but 
appeared to depend in part on the change in heart rate. The smallest effective 
dose of adrenaline or noradrenaline increased blood flow but caused no change 
in heart rate and usually no change in systemic blood pressure. Larger doses, 
which produced increasing reductions in heart rate, caused either no change 
or a reduction in blood flow. The typical effect occurring in an experiment in 
which pulmonary lobar blood flow was measured is shown in Fig. 1. In a, 3 pg 
noradrenaline intravenously caused bradycardia and a reduction in !obar blood 
flow, but as the heart rate returned to its original value or slightly above it 
the blood flow increased before returning to its original level. These effects are 
more evident in 6, in which a larger dose (6 wg) of noradrenaline was given. 
Table 1 A shows the values for blood flow in the main pulmonary artery before 
and after injection of adrenaline. The first of the two values after injection was 
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Fig. 1. Dog, 3, 153 kg. Morphine-Dial-Nembuta!. Measurement of pulmonary lobar blood flow. 
In a, 3 wg and in 6, 6 wg noradrenaline intravenously. In this and in subsequent figures: 
L.A.P. =left atrial pressure; R.A.P. =right atrial pressure; P.L.F.= pulmonary lobar blood 
flow; P.F.= total pulmonary blood flow; P.A.P.= pulmonary arterial pressure; C.S.P. = 
carotid sinus pressure; B.P.=systemic blood pressure and H.R. = heart rate. 
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taken arbitrarily at the height of the transient reduction in pulmonary arterial 
pressure and blood flow; the second was taken at a time when the pressure and 
flow had recovered and had reached their maximum values. The average 
reduction in pulmonary blood flow in the four tests was 20-9% (range 18-2- 
25-9°%). In some experiments in which slowing of the heart developed more 
gradually, adrenaline or noradrenaline caused an initial increase in blood flow; 
then as the heart slowed still further, the flow fell below its control level. Yet 
another type of response which occurred in a few experiments was reduction 
in blood flow with no evidence of an increase above its original level (Fig. 2). 

Changes in pulmonary arterial pressure were often in the same direction as 
the changes in total pulmonary blood flow or lobar flow (Fig. 1a, 5). There were, 
however, exceptions to this. For instance, in the experiment illustrated by 
Fig. 2a, 20 wg adrenaline caused an initial fall in pulmonary arterial pressure 
and blood flow coincident with the bradycardia, but whereas the blood flow 
remained below its control value, the pulmonary arterial pressure gradually 
increased. A similar type of response was observed in other experiments and 
indicates an increase in pulmonary arterial inflow resistance. 

In doses sufficient to cause bradycardia, both adrenaline and noradrenaline 
caused a rise in left and right atrial pressures which was occasionally preceded 
by a small fall. Increases in pressure in either atrium did not exceed 5 cm 
saline (3-5 mm Hg). Typical responses are shown in Figs. la, 6 and 2a. 

Changes in pulmonary vascular resistance. The changes in pressure in the left 
atrium were usually smaller and in the opposite direction to those occurring 
in the pulmonary artery. The fall and rise in pulmonary arterial pressure were 
therefore accompanied by a diminution and an increase respectively in pressure 
gradient across the pulmonary vascular bed. Changes in pulmonary vascular 
resistance (Ap/flow) were variable both in experiments in which total pul- 
monary blood flow was measured (Table 1 A) and in those involving measure- 
ment of pulmonary lobar flow. It is evident, however, that in tests in which 
an increase in vascular resistance occurred this was not entirely due to passive 
effects caused by changes in blood flow or left atrial pressure. This was shown 
in two ways. First, if the value for pulmonary vascular resistance was 
calculated from parameters taken at a time when the pulmonary blood flow 
and left atrial pressure had returned to their control values after injection of 
the amine, it still showed an increase over the pre-injection value. For 
instance, in four tests in three experiments in which total pulmonary blood 
flow was measured, pulmonary vascular resistance increased 7-2—26-3 % (mean 
163%). Secondly, in one atropinized preparation the inflow pressure to the 
left diaphragmatic lobe was maintained constant (see Methods). It was found 
that 10 ug adrenaline intravenously caused a 15% reduction in pulmonary 
lobar blood flow without any appreciable change in left atrial pressure. The 
increase in pulmonary arterial inflow resistance observed in experiments 
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described in the previous section must therefore be due, at least in part, to an 


increase in pulmonary vascular resistance. 

Changes in peripheral vascular resistance. In four tests in three experiments 
in which total pulmonary blood flow was measured, the peripheral vascular 
resistance increased (Table 1 A). 

Effects of anaesthetics. Two experiments were carried out under Nembutal 
anaesthesia and in these adrenaline and noradrenaline caused little or no 
bradycardia, but a rise in systemic blood pressure, pulmonary arterial pressure 


Fig. 2. Dog, $, 14-6kg. Morphine-chloralose. Measurement of total pulmonary blood flow. 
In A and B, adrenaline 20 yg was injected intravenously. Between A and B, atropine 2 m¢. 
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and pulmonary lobar blood flow. In no test was a transient fall in pulmonary 
arterial pressure and flow observed. 

In some preparations anaesthetized with morphine and chloralose, Nembutal 
was given when it became necessary to increase the depth of anaesthesia. It 
was found that the supplementary doses of 30-60 mg intravenously reduced 
or abolished the bradycardia and the transient reduction in pulmonary arterial 
pressure and blood flow occurring in response to adrenaline or noradrenaline. 
On the other hand, if in dogs under chloralose anaesthesia further doses of 
chloralose were given instead of Nembutal, the response to adrenaline was not 
appreciably altered. 

The above experiments show, therefore, that small doses of adrenaline or 
noradrenaline which have little effect on heart rate cause an increase in 
pulmonary blood flow; larger doses cause bradycardia, and then either no 
change or a fall in blood flow occurs. Since the bradycardia occurring in 
response to injection of these drugs is known to be reflex in origin from the 
sino-aortic baroreceptors, with the vagus nerves as the main efferent pathway, 
experiments were carried out to discover whether the pulmonary blood flow 
responses are in any way dependent upon a similar mechanism. 


Effects of vagotomy, atropine and exclusion of the carotid sinuses 

Effect of vagotomy. In confirmation of the results of earlier workers (Oliver 
& Schafer, 1895; Allen, 1934) it was found that the bradycardia resulting from 
injection of adrenaline was either considerably diminished or abolished by 
division of both cervical vagosympathetic nerves. This procedure also 
abolished the transient reduction in pulmonary arterial pressure and pul- 
monary blood flow but augmented the subsequent increase in pressure and 
flow. The rise in systemic blood pressure was also enhanced. 

Effect of atropine. Adrenaline or noradrenaline injected after atropine 
(1-4 mg intravenously) still caused bradycardia, although the response was 
usually much smaller compared with that produced by the same doses before 
injection of atropine (Table 1 A and B, Fig. 26). The persistence of some slow- 
ing of the heart is probably due to a reflex decrease in sympathetic tone through 
stimulation, by the rise in systemic blood pressure, of the sino-aortic baro- 
receptors. 

The effects of atropine on the response of the systemic and pulmonary arterial 
pressures and pulmonary blood flow wefe similar to those of vagotomy. In 
five experiments the rise in systemic blood pressure was enhanced. In four of 
these the initial fall in pulmonary arterial pressure and total pulmonary or 
lobar blood flow occurring before injection of atropine was abolished and only 
a rise in pressure and flow took place. In the fifth experiment, which is illus- 
trated by Fig. 2, the reduction in total pulmonary blood flow elicited by 20 ug 
adrenaline was converted to a rise by atropine. 
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Effect of exclusion of the carotid sinuses. When the carotid sinuses were 
excluded from the circulation by perfusion at constant pressure (see Methods), 
adrenaline and noradrenaline caused a larger rise in systemic blood pressure, 
but the bradycardia and initial fall in pulmonary arterial pressure and lobar 
blood flow were reduced in comparison with the control response. The subse- 
quent rise in pulmonary arterial pressure and blood flow was either unchanged 
or increased. Persistence of a transient pulmonary arterial depressor response 
and some slowing of the heart is probably due to an effect mediated through 


\ 


Fig. 3. Dog, 9, 18-1 kg. Morphine-chloralose-ureth Measurement of pulmonary lobar blood 
flow. Carotid sinuses prepared for perfusion either naturally from the systemic circulation 


or artificially at a constant pressure (method of Daly, 1955). Arch of the aorta denervated. . 


In A and C, the carotid sinuses were perfused from the systemic circulation; noradrenaline, 
20 pg, tv. In B, the carotid sinuses were perfused artificially at constant pressure; nor- 
adrenaline, 20 yg, 1.v. 
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the aortic nerves, because after denervation of the aortic arch the initial fall 
in pulmonary arterial pressure and blood flow occurring on injection of nor- 
adrenaline was abolished by exclusion of the carotid sinuses. Such an experi- 
ment is shown in Fig. 3. In this case, the initial fall and subsequent rise in 
pulmonary arterial pressure and blood flow were small (A and C). During 
exclusion of the carotid sinuses, however, the same dose of noradrenaline 
caused a considerable increase in systemic blood pressure and pulmonary 
arterial pressure and blood flow (B). It may be noted in B that exclusion of 
the carotid sinuses did not completely abolish the slowing of the heart. It is 
uncertain whether persistence of the bradycardia is due to incomplete dener- 
vation of the aortic arch or to some other mechanism such as a direct action 
of the drug on the cardio-inhibitory centre (Brown, 1916; von Euler, 1938). 


Fig. 4. Same experiment as Fig. 3. Both cervical vagosympathetic nerves divided. In 4 and C, 
the carotid sinuses were perfused from the systemic circulation ; noradrenaline, 20 ug, 1.Vv. 
In B, the carotid sinuses were perfused artificially at constant pressure; noradrenaline, 
20 pg, Lv. 
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Other experiments have shown that the carotid sinuses modify the systemic 
blood pressure, pulmonary arterial pressure and pulmonary blood flow even in 
the absence of appreciable changes in heart rate. Such an effect is shown in 
the vagotomized preparation illustrated by Fig. 4. The injection of 20 pg 
noradrenaline in B during artificial perfusion of the carotid sinuses caused 
a larger increase in systemic blood pressure, pulmonary arterial pressure and 
lobar blood flow compared with the responses produced by the injection of the 
same dose of the drug during perfusion of the carotid sinuses from the systemic 
circulation (A and (@). Since a similar result was obtained in an experiment 
in which the heart and lungs were denervated (see Daly & Luck, 1958) the 
modification by the carotid sinuses of the cardiovascular responses to injection 
of noradrenaline must, at least in part, be the result of a reflex effect on the 
blood vessels of the systemic circulation. 


DISCUSSION 


Previous workers have shown that adrenaline and noradrenaline cause a rise 
in pulmonary arterial pressure in the anaesthetized cat and dog (for literature, 
see review by Wiggers, 1921), the unanaesthetized dog (Hamilton, Woodbury 
& Vogt, 1939; Friedberg, Katz & Steinitz, 1943) and in man (Goldenberg, 
Pines, Baldwin, Greene & Roh, 1948; Fowler, Westcott, Scott & McGuire, 
1951; Witham & Fleming, 1951). Jiménez-Vargas & Vidal-Sivilla (1949) found 
in the anaesthetized dog that when adrenaline caused bradycardia the pul- 
monary arterial pressure fell. Several workers have investigated the effects of 
these two amines on cardiac output. Hamilton (1932) measured cardiac output 
in the dog by the dye-dilution method and observed a fall 20 sec after injection 
of adrenaline which was followed by a rise 40 sec later. These results were 
confirmed by Meier, Tripod & Wirz (1950) using the Fick method in the rabbit. 
In man, intramuscular injection or intravenous infusion of adrenaline caused 
an increase in cardiac output accompanied by tachycardia (Goldenberg et al. 
1948; Barcroft & Starr, 1951; Witham & Fleming, 1951). On the other hand, 
infusions of noradrenaline caused no change or a reduction in cardiac output, 
either effect being accompanied by slowing of the heart — et al. 
1948; Barcroft & Starr, 1951; Fowler et al. 1951). 

In a few of the present experiments cardiac output was sceiinaaid directly 
and continuously as total pulmonary blood flow in the main pulmonary artery. 
In most experiments, however, changes in output were inferred from the 
changes in blood flow to one lobe of the lungs. The validity of this assumption 
has been tested in experiments in which blood flows to the left diaphragmatic 
lobe and to the remaining lobes of both lungs were measured simultaneously 
with two rotameters (Daly & Luck, 1958). It was found that the changes in 
the two measured flows in response to a variety of experimental procedures, 
including the injection of adrenaline and noradrenaline, were invariably in the 
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same direction. In the present experiments also, similar blood flow responses 
to injection of these amines were observed with the two methods used. 

Our results have shown that in the anaesthetized dog, adrenaline or nor- 
adrenaline in doses sufficient to evoke a bradycardia usually caused a rise in 
systemic blood pressure and a transient fall in pulmonary arterial pressure and 
blood flow which was followed by a rise above the control level. When the 
carotid sinuses were excluded from the circulation, the rise in systemic blood 
pressure was not only increased in size but was of longer duration. These 
findings confirm those of Cuypers (1935) and of Heymans et al. (1956) and 
indicate that the carotid sinus baroreceptors exert a considerable buffering 
action on the response of the systemic blood pressure to an injection of 
adrenaline. The initial transient effects on pulmonary arterial pressure and 
flow are also reflex in origin through stimulation, by the rise in systemic blood 
pressure, of the baroreceptors in the carotid sinuses; they are abolished by 
division of the cervical vagosympathetic nerves or by atropinization and are 
reduced by exclusion of the carotid sinuses from the circulation. The response 
persisting after exclusion of the carotid sinuses is probably reflex in origin 
through stimulation of baroreceptors in the aortic arch although the partici- 
pation of a central action of the drugs cannot be excluded (Brown, 1916; von 
Kuler, 1938). One other possible cause of the transient reduction in cardiac 
output should be considered. Arteriolar constriction produced by these amines 
may be of sufficient intensity to reduce temporarily the blood flow into capil- 
laries and venules and hence result in a reduction in venous return. Whilst the 
participation of such a mechanism cannot be excluded, it is unlikely to be the 
sole cause, because the transient reduction in cardiac output, occurring on 
injection of adrenaline or noradrenaline, was abolished by atropine, and this 
could not be expected, in the doses used, to affect the direct action of these 
amines on the arterioles. Evidence is also presented that the degree of rise in 
pulmonary arterial pressure and blood flow occurring on injection of adrenaline 
or noradrenaline is modified by the activity of the carotid sinuses, since it was 
found that exclusion of reflexes from these vasosensory zones enhanced the 
response. 

It is evident, therefore, that the rise in systemic and pulmonary arterial 
pressures is compensated by a reduction in cardiac output evoked reflexly 
through stimulation of the sino-aortic baroreceptors. The results of these 
experiments, therefore, fall into line with those of Daly & Luck (1958) who 
found that stimulation of the carotid sinus baroreceptors by raising the carotid 
sinus perfusion pressure invariably caused a reduction in cardiac output. — 

There would appear to be two mechanisms by which the cardiac output is 
modified reflexly through the sino-aortic baroreceptors. The first is by slowing 
of the heart, for when the bradycardia occurring on injectiow of adrenaline is 
considerably reduced by atropinization, the initial reduction in pulmonary 
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blood flow no longer occurs and the subsequent rise in flow is enhanced. The 
second is by way of a reflex effect from the carotid sinuses on the peripheral 
vascular bed. The evidence for this was obtained in vagotomized preparations, 
with or without division of the upper thoracic sympathetic outflow, in which 
little or no change in heart rate occurred. In such preparations, the injection 
of noradrenaline would be expected to cause two antagonistic effects on the 
systemic circulation: arteriolar and venular constriction by a direct effect on 
the blood vessels, and reflex arteriolar and venular dilatation through stimu- 
~ lation, by the rise in systemic blood pressure, of the sino-aortic baroreceptors. 
The first of these causes a diminution in the volume of blood in the systemic 
circulation (Connet, 1920; Tyrer, 1953), redistributes blood to the lungs 
(Hochrein & Matthes, 1932; Shadle, Moore & Billig, 1955) and increases the 
cardiac filling pressure and cardiac output, whereas the second reflex mechan- 
ism has the opposite effects (Daly & Luck, 1958). Thus exclusion of the carotid 
sinuses from the circulation eliminates the reflex component reducing cardiac 
output and results in noradrenaline having an enhanced direct effect on the 
peripheral blood vessels and hence increases cardiac output. 

A point should be mentioned here about the method used for demonstrating 
the role of the carotid sinuses in the cardiovascular responses to injection of 
adrenaline and noradrenaline. The reason for employing the present method 
for excluding reflexes from the sinuses was that the peripheral vascular 
resistance, as indicated by the level of the systemic blood pressure and pul- 
monary blood flow, could be maintained approximately at the level pertaining 
when the sinuses were perfused by the systemic circulation through adjust- 
ments of the artificial perfusion pressure. A similar method was used by Page, 
McCubbin & Green (1956). The alternative method, that of denervating the 
carotid sinuses by cooling or dividing the carotid sinus nerves, would have 
resulted, as is well known, in reflex arteriolar and venular constriction, and it 
was thought probable that under these conditions the haemodynamic effects 
of noradrenaline subsequently injected might be modifiedeclely as a result of 
this peripheral vasoconstriction (Page & McCubbin, 1954). 


Changes in pulmonary vascular resistance 

The initial fall and subsequent rise in pulmonary arterial pressure caused by 
adrenaline and noradrenaline were always accompanied by a decrease and an 
increase respectively in the pressure gradient across the pulmonary vascular 
bed. On the other hand, Johnson, Hamilton, Katz & Weinstein (1937) and 
Hamilton et al. (1939) using anaesthetized and unanaesthetized dogs found that 
adrenaline given intravenously always caused an equal rise in pressure in the 
pulmonary artery and left atrium, and in consequence no change occurred in 
the pressure gradient across the pulmonary vascular bed. The discrepancy 
between their results and those reported here may be due to the difference in 
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the dose of adrenaline used. Hamilton et al. (1939) used doses of 0-1 and 05 mg 
intravenously and Johnson et al. (1937) gave | mg doses intravenously. We 
have not given doses larger than 40 wg and the smaller doses (0-07 pg/kg) 
probably resulted in concentrations in the circulating blood only slightly 
higher than those found physiologically (Celander, 1954). | 

In the present experiments pulmonary vascular resistance (Ap/flow) usually 
increased both during the initial transient phase of the response when the 
pulmonary arterial pressure and blood flow decreased, and during the subse- 
quent increase in pressure and flow. In man, Fowler et al. (1951) found variable 
changes in pulmonary vascular resistance (Ap/flow) in response to noradrena- 
line, but in three patients who had ‘relatively normal pulmonary vascular 
beds’, Witham & Fleming (1951) observed an increase. 

The increase in pulmonary vascular resistance (Ap/flow) observed by us was 
not entirely due to passive effects of changes in pulmonary arterial and/or left 
atrial pressure. However, even in experiments in which these passive effects 
were excluded we are unable to say whether the observed increase in pulmonary 
vascular resistance is the result of a direct action of the drug on the pulmonary 
vascular bed proper or is a passive effect of a change in bronchomotor tone or 
of redistribution of blood through communicating channels between the 
pulmonary and bronchial vascular systems (Berry & I. de B. Daly, 1931). This 
latter effect may be caused by either the rise in systemic (bronchial) arterial 
pressure or a change in bronchial vasomotor tone. Direct effects of these 
amines on the pulmonary vascular bed have been demonstrated previously in 
isolated perfused lung preparations in which these passive mechanisms were 
excluded (see review by I. de B. Daly, 1933; also Konzett & Hebb, 1949). 


SUMMARY 


1.- In anaesthetized dogs ventilated artificially pulmonary blood flow was 
measured directly and continuously by means of a rotameter. | 
2. Both adrenaline and noradrenaline (0-07—-2-0 ug/kg intravenously) ca 
bradycardia and a small rise in systemic blood pressure. The pulmonary arterial 
pressure and blood flow initially decreased; they then increased above their 
control values as the heart rate gradually returned to its original level. 
3. The bradycardia and the initial reduction in pulmonary arterial pressure. 
and blood flow are reflex in origin partly through stimulation, by the rise in 
systemic blood pressure, of the baroreceptors in the carotid sinuses, because 
these responses are reduced or did not occur after exclusion of the carotid 
sinuses from the circulation. This procedure also enhances the subsequent rise 
in pulmonary arterial pressure and blood flow caused by these amines. 
4,. Evidence is presented that the reflex compensatory adjustments in 
pulmonary blood flow are due to slowing of the heart and to an effect on the 
peripheral blood vessels antagonizing that of the amine. 
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- OBSERVATIONS ON SPERMINE OXIDASE OF 
MAMMALIAN PLASMA 


By H. BLASCHKO anp ROSEMARY HAWES 
From the Department of Pharmacology, University of Oxford 
(Received 28 July 1958) 


The enzyme spermine oxidase was first found in the blood plasma of the sheep 
(Hirsch, 1953) and of the ox (Tabor, Tabor & Rosenthal, 1954) but no system- 
atic study of its occurrence has so far been made. Tabor ef al. (1954) showed 
that the ox plasma enzyme can be highly purified and that the purified enzyme 
still acts not only on spermine and spermidine but also on a large number of 
amines which are substrates of the enzyme amine oxidase, e.g. tyramine, 
tryptamine and benzylamine. It has recently been shown (Bergeret, Blaschko 
& Hawes, 1957; Blaschko, 1958) that there exists in the blood plasma of some 
other mammals an oxidase which has a pattern of substrate specificities very 
similar to that of spermine oxidase, except that it is without significant 
action on spermine or spermidine (see also Kolb, 1957). 

In order to understand why in the plasma of certain species there has arisen 
an ability to oxidize spermine, it was essential to obtain more information on 
the occurrence of spermine oxidase. Observagions of this kind are described 
in this paper; some of them have already been briefly reported (Blaschko & 
Hawes, 1958; Blaschko, Ferro-Luzzi & Hawes, 1958). 3 


METHODS 


Samples of whole blood, plasma or serum were obtained from different sources. Whenever possible 
the samples were sent to Oxford in a Thermos flask on ice, but it appears that the enzyme is not 
readily destroyed 2t room temperature, and some of the samples from the Zoological Gardens, 
London, were sent by mail, and reached Oxford the following morning. 

On arrival in the laboratory, the plasma or serum samples were usually dialysed for about 
4 hr against 0-067™ sodium phosphate buffer, pH 7-4. This treatment did not affect enzymic 
activity, but it usually lowered the ‘enzyme blank’. 

The plan of the manometric experiment depended upon the amount of material available. In 
most experiments the tctal fizid volume in the main compartment of the flask was 1-6 mL; this 
volume included the serum (or plasma) and the phosphate buffer. The side bulb contained 0-4 ml. 
of 0-05™ spermine tetrahydrochloride or water; the inner tabe contained 0-3 ml. of s-KOH. In 
a few experiments, where little seram was available, smaller manometer flasks (of a volume of 
about 8 ml.) were used. In these experiments the total amount of fluid in the main compartment 
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was 0-63 ml., that in the side bulb 0-07 ml. and that in the inner tube 0-1 ml. In all experiments 


the gas phase was oxygen and the temperature was 37° C. For the calculation of the enzymic 
activity the initial rate of the reaction was used. 
Th: classification of mammals used in this paper is that established by Gaylord Simpson (1945). 


RESULTS 

Distribution of plasma spermine oxidase 
No significant amounts of spermine oxidase were found in the sera of man, dog, 
ferret, cat, lion, tiger, seal, kangaroo, Bennett’s wallaby, Indian elephant or 
rabbit. It has been shown elsewhere (Blaschko, 1958) that some of these 
species contain an enzyme in plasma which will oxidize amines other than 
spermine or spermidine. 

TaBxe 1. Spermine oxidase in blood sera of ungulates 
Spermine 


+++ + + 


Our results with sera of the ungulates are shown in Table 1. Only serum or 
plasma of one species of perissodactyls has so far been examined; and this is 
_ the horse; no spermine oxidase activity has been found in this species. Of the 
artiodactyls, one non-ruminant species was tested, the pig; the serum of this 
species did not contain any spermine oxidase activity. 

Spermine oxidase activity was found in the sera of members of two sub- 
orders of artiodactyls, Tylopoda and Ruminantia. Two tylopod species were 
examined, the camel and the llama. The camel serum was not sufficiently fresh 
to allow a quantitative statement on the amount of spermine oxidase present, 
but there was little difference in the rates of oxidation of spermine and benzyl- 
amine; spermidine was oxidized at a slightly higher rate. The results with the 
sample of lama serum, freshly obtained from the London Zoo, are shown in 
Fig. 1; it can be seen that here too there was little difference in the rates of 
oxidation of spermine and benzylamine. The rate of oxygen uptake with 
mescaline was not linear; it increased during the period of incubation. This is 
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similar to what happens when mescaline is oxidized by pig serum (Blaschko, 
1958). 

Of the sub-order Ruminantia altogether five species have been examined. 
(The samples of ox sera tested also included one of an Ankole bull obtained 
from the London Zoo.) In all these species spermine was oxidized at a rate 
higher than any other amine tested. Sera of all these species also oxidized 
spermidine but at a slightly lower rate. The results for two of these species, the 


Mescaline 
60 
=” Benzylamine 
Spermine 
Spermidine 
10 Histamine 
0 15 30 


Minutes 
Fig. 1. Oxidation of amines by llama serum. Abscissa, time in min; ordinate, O, consumed (yl.). 
Initial substrate concentrations, 10-*m; gas phase, O,; temp. 37-5° C. Each flask contained 
1-6 ml. of dialysed serum. 


TaB_s 2. Rates of oxidation of various amines by goat and giraffe sera. The figures give the pl. O, 


concentrations 10-*m 


goat and the giraffe, are shown in Table 2. It can be seen that with the goat 
serum as source of enzyme the rates of oxidation decreased in the order: 
spermine, spermidine, benzylamine, mescaline, histamine. With giraffe serum 
benzylamine was rather poorly oxidized, and there was no measurable uptake 
of oxygen when histamine was tested as substrate. 

Further obseryations on substrates of spermine oxidase will be separately 
reported. Cystamine and homocystamine are also among the substrates of the 
goat plasma enzyme (Bergeret & Blaschko, 1957). We have, in addition, found 
that the antimalarial compound Pn, a Gerivative of 8-aminoquinoline. 
is a substrate of spermine oxidase. 


Spermine Spermidine Benzylamine Mescaline Histamine 
15 30 1 30 15 30 15 30 1s 30 
Substrate min min min min min min min min min min 
Goat serum 60 104 48 #33 56 25 57 15 
Giraffe serum 21 50 ll 27 2 6 4 12 0 0 
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Spermine oxidase in young ruminants 
The presence of spermine oxidase in the blood plasma of animals which 
possess a rumen (T'ylopoda and Ruminantia) led us to investigate the spermine 
oxidase activity in the blood of young ruminants. It is known that the ramen 
only begins to function when animals go over from a milk diet to a mixed diet. 
Samples of serum were obtained from nanny goats and from their kids, as 
soon after birth as was possible, and subsequently at weekly intervals. Our 


. TaBLe 3. Spermine oxidase activity in sera of new-born kids and their mothers. Enzymic activity 


is in terms of yl. O, consumed by 1-0 ml. serum (dialysed) in 30 min, at a spermine concen- 
tration of 10-*m 


Hours after Kid Kid 
Trio no birth Maternal no. 1 no. 2 
1 3 98 6 2 
2 15 93 3 2 
3 4 103 0 4 
4 18 80 2 0 
on Maternal 
=100 
; Kid 1 
80+ 
3 
5 Kid 2 


i 
7 9 11 
Weeks after birth 
Fig. 2. Spermine oxidase in sera of nanny goat (™—1®) and two female kids (O—O and @—®). 
Abscissa, time after birth in weeks; ordinate, 0, consumed by 1-0 ml. of dialysed serum 
(l./30 min). 


results obtained with the new-born kids and their mothers are shown in 
Table 3. It can be seen that the activities with spermine as substrate in the 
maternal sera were uniformly high, varying from 80 to 103 yl./ml. serum in 
30 min. Enzymic activity in the new-born animals was either absent or very 
low. 

In each trio of animals determinations of enzymic activity were continued 
for several weeks after birth. In each series of observations, the enzymic 
activity in the sera increased; this is illustrated by the results given in 
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Figs, 2 and 3. Fig. 2 shows that there were individual differences in the rate 
of development of enzymic activity: one of the two kids had attained the 
maternal level after 11 weeks whereas the serum of the other animal had hy 
then scarcely reached 50°% of the activity of the maternal. There was also a 
slight upward tendency in the activities of the maternal serum. This obser- 
vation was made in all the four maternal sera examined; the causes of this 
increase have not been further investigated. 

Fig. 3 is taken from a trio where observations have been continued for a 
much longer period. It can be seen that even after 28 weeks the animals had 
not yet attained the level of activity of the maternal serum. In the experi- 
ments shown in Fig. 3, benzylamine was used as a second substrate in addition 


160 
Maternal 
120 
is /\ Male kid 
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Weeks after birth 


Fig. 3. Spermine oxidase in sera of nanny goat (™@—®), female kid (@—@) and male kid 
(O—O). The male kid was castrated after the end of the second week. Units as in Fig. 2. 


to spermine. Fig. 4 shows the results with both spermine and benzylamine 
in the maternal serum and in that of one of the two kids. The development of 
activity towards benzylamine paralleled that with spermine as a substrate—— 
this is in conformity with the idea that the two amines are acted upon by one 
and the same enzyme. The results for the second kid (not shown) were very 

This study of the development of spermine oxidase has so far been carried 
out mainly in the goat, but a few preliminary experiments carried out on 
samples of calf serum indicate that the development of the enzyme in this 
species is somewhat analogous to that in the goat. The samples given to us 
were about 1} years old; they had been kept frozen, and only small amounts 
were available for the manometric experiments. Results are shown in Fig. 5 
_and suggest that the time scale of development of enzymic activity in the calf 
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may be different from that seen in the goat; however, this has not yet been 
investigated. 

No spermine oxidase was found in a sample of goats’ milk and in three 
samples of goats’ colostrum. 


234567 8 9 101112131415161718 B 

Weeks after birth 

Fig. 4. Oxidation of Spermine and benzylamine in maternal serum and kid serum (nanny goat and 

female kid of Fig. 3). @—@ Nanny goat with spermine as substrate and @---™ with 

benzylamine as substrate; @—@ kid with spermingyas substrate and @- - -@ with benzyl- 
amine as substrate. Units as in Fig. 2. ies 


0 10 20 


Fig. 5. Spermine oxidase activity of serum of new-born calf (colostrum-deprived) ; born 13. x. 56; 
spermine concentration, 10-*m; gas phase, O,; temp. 37-5° C; 0-5 ml. serum in each flask; 
abscissa, days after birth; ordinate, 0, consumed (,l./30 min).. 


DISCUSSION 


The experiments described above show that the ability to oxidize spermine is 
present in the plasma of all those ungulates which possess a rumen. In the 
classification of mammals introduced by Gaylord Simpson (1945) and followed 
by Young (1950), there are two suborders of the order Artiodactyla in which 
a rumen is present, the Tylopoda and the Ruminantia. In the blood plasma of 
all representatives of these two sub-orders spermine oxidase activity has been 


demonstrated. There seems to be a difference in the two sub-orders: in the 
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Tylopoda (camel and llama) the rate of oxidation of spermine was not higher 
than that of some of the other amines, whereas in all Ruminantia the rate of 
oxidation of spermine surpassed that of any of the other amines tested; 
spermidine was usually the second in the order of rates of oxidation. This 
preference for spermine and spermidine was particularly marked in the giraffe 
serum, where benzylamine was oxidized very slowly. 

It is now known that spermine is a growth factor for a number of micro- 
organisms (Kihara & Snell, 1957). The rumen can be considered as a great 
container of micro-organisms, and the close association between the presence 
of a rumen and the ability of the blood plasma to oxidize spermine (and 
spermidine) could be understood if we assume that spermine (or a related 
compound) is also formed by some of the rumen organisms, and that the 
plasma enzyme acts on amine that reaches it from the lumen of this organ. 
It is known (Tabor & Rosenthal, 1956) that spermine is toxic, especially 
nephrotoxic, in mammals. 

This interpretation is supported not only by our study of the distribution 
of spermine oxidase in mammals, but also by the observations made on the 
growing ruminants. As the rumen is not functioning in the new-born ruminant, 
our finding of the absence of spermine oxidase in new-born kids is therefore of 
interest. The ruminants belong to the great group of mammals which are born 
without a full supply of plasma proteins; this deficiency is partly made up by 
protein taken up in the first days of life from the colostrum. Spermine oxidase 
is not taken up in this way as it is absent from colostrum and milk. Further, 
the development of enzymic activity, at least in the goat, occurs within weeks 
or months rather than within a few days after birth. 

The picture of the origin of spermine oxidase at which we arrive is what 
might be called ‘adaptive evolution’ of enzymic activity. In phylogenesis the 
rumen and spermine oxidase activity appear to have developed in parallel. 
The term ‘adaptive’ is based on the assumption, hitherto not proved, that 
spermine or a related polyamine is present or formed in the rumen. 

We can, at present, not be certain whether the spermine oxidase of ruminant 
plasma is identical with the plasma enzyme that acts upon mescaline, benzy!- 
amine and other simple ‘mono’ amines, or whether it is closely related to this 
enzyme. However, a number of observations speak in favour of the existence 
_ of only one enzyme. There is the work of Tabor et al. (1954) who have shown 
that the spermine oxidase of bovine plasma retains the ability to act on 
benzylamine and other ‘mono’ amines even when purified 150-200-fold. To 
this we can add two further observations: first, amine oxidase activity was 
present in all species in which spermine and spermidine were oxidized, and, 
secondly, in the growing kid the ability of the blood plasma to oxidize benzy!- 
amine developed parallel to the spermine oxidase activity. It seems, therefore, 
that spermine oxidase arose through a modification of the substrate specificity 
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of an amine oxidase which is common to all ungulates and certain other 


mammals. The high activity with spermine and spermidine suggests that these 
amines are important substrates of the oxidase in the living ruminant. 


SUMMARY 


1. The distribution of the spermine oxidase activity in mammalian plasma 
has been studied. 

2. Spermine and spermidine were oxidized in the sera of all ruminants 
examined, camel, llama, giraffe, fallow deer, ox, sheep and goat. 

3. Spermine oxidase activity was not found in the sera of non-ruminants. 
* 4. The ability to oxidize spermine and benzylamine is either absent or 
almost absent in the sera of new-born goats; enzymic activity is gradually 
acquired during the first months after birth. 

5. It is suggested that spermine oxidase arises in phylogenesis, parallel with 
the evolution of the rumen, from an amine oxidase without significant action 
on spermine. 


We are very grateful to Mr Oliver G. Jones, M.R.C.V.8S., Curator of Mammals, Zoological 
Society of London, for his help. We owe the sample of camel serum, sent by air at 0° C, to Professor 
P. Hey of Baghdad; this sample was rather dark, indicating that haemolysis had occurred before 

A first sample of goat and kid plasma was given to us by Dr J. L. Linzell, M.R.C.VS., of 
Babraham, but the study of the enzymic activity in young ruminants owes much to the help given 
by Mr I. H. Pattison, M.R.C.V.S., of the A.R.C. Field Station, Compton, who has sent us samples 
of goat and kid serum at regular intervals during the past year. The samples of calf serum (deprived 
of colostrum) were given to us by Dr A. E. Pierce, F.R.C.V.S. 
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AUTORADIOGRAPHIC LOCALIZATION OF ADENINE 
NUCLEOTIDE IN FROG’S STRIATED MUSCLE 


By D. K. HILL 
From the Postgraduate Medical School of London, Hammersmith Hospital, 
London, W. 12 


; (Received 5 August 1958) 
There is, as yet, no unequivocal information concerning the role of adenosine 
triphosphate in muscular contraction ; it may be an energy donor for the earliest 
stages of contraction, or is perhaps only involved later in relaxation or 
recovery. But it can hardly be disputed that its break-down must occur 
very early, if not at the earliest stage, in the sequence of chemical events 
resulting from excitation. This being so, evidence concerning the localization 
of adenine nucleotide in striated muscle, in relation to the bands, might be of 
help in elucidating the mechanism by which the muscle contracts. The natural 
supposition is that, if the nucleotide is intimately concerned with the develop- 
ment or release of tension, it would be likely to be sited in some well-defined 
relationship with the part of the sarcomere where this tension is developed. 
This part is now believed to be in the anisotropic band where the actin and 
myosin filaments overlap, and interact during contraction. 

Caspersson & Thorell (1942) have produced evidence which suggests that 
adenine nucleotides are indeed not uniformly spread throughout a muscle 
fibre, but that in the resting muscle this material is aggregated in the iso- 
tropic part of the sarcomere. The ultra-violet light absorption spectrum was 
measured separately for the A and I regions of the muscle fibre of ait insect, 
and there was evidence of a distinctly greater absorption in the I region of a 
resting muscle, and this excess appeared to have the absorption characteristics 
of an adenine compound. In a fatigued muscle part of the absorbing material 
appeared to have diffused down distinct longitudinal channels, into the A 
region. Engstrém (1944), using a micro-incineration technique for locating 
phosphates, showed that the high ultra-violet absorption of the isotropic 
band coincided in position with the phosphate ash produced subsequently on 
incineration. This was further evidence supporting the view that nucleotides 
are localized in the isotropic region of resting muscle. It was also noted by 
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Engstrém that the phosphocreatine, yielding 50° or more of the ash, must 
likewise be concentrated in the I band. 

The technique of autoradiography provides an independent means of 
studying the localization of nucleotide in muscle. This is the subject of the 
present paper. When these experiments were started it was hoped that 
carbon-14 could be used as the radioactive label. For reasons which will be 
given, it was realized before the final stages had been reached, that carbon-14 
was not, after all, a suitable tracer for this problem, and it was decided to use 
tritium instead. All the preliminary work, involving experiments in connexion 
with the labelling of the nucleotide, was done with carbon-14, and for such 
purposes it has advantages over tritium; the tests involving measurement of 
the radioactivity of living muscle would not have been possible with tritium 
(owing to the low energy of its emission), and identification of the labelled 
material would also have been more difficult. 

In the preliminary work with carbon-14 there were two objectives; first, 
to establish in principle the procedure for labelling the nucleotide, and 
secondly, to obtain a sufficient activity to give a significant grain count on the 
autoradiograph. If it had been realized at the time that tritium would have 
to be used for the autoradiography, the experiments might have taken a 
somewhat different course, for a much higher activity is easily obtained with 
tritium than with carbon-14 and the preliminary ‘tracer’ work could have 
been done with lower carbon-14 activities. On the other hand, both the 
measurement in vivo of the activity, and the various assays of extracted com- 
ponents, were greatly facilitated by having had the activity at a high level. 

This paper is largely concerned with a description of methods. The results 
so far are not conclusive. Only a small proportion of the nucleotide appears 
to be localized, and further work will be needed to decide if this represents 
the real situation in living muscle, or whether there has been a failure to find 
localization when it really exists, on account of some defect in the technique. 

The paper will be presented in four parts: 


PART I. Labelling the muscle with “C-adenine; 


PART II. Establishing the nature of the bound radioactive material; Identi- 
fication as nucleotide; 


-PART ITI. Labelling the nucleotide with tritium; and 
PART IV. Autoradiography. 


PART I. Labelling the muscle with *C-adenine 


It is known that “C-labelled adenine, injected into a mouse or rat, is rapidly 
integrated into the nucleic acid and into the nucleotide of the various parts of 
the body (Bennett, 1953; Bennett & Krueckel, 1955a, 6; Marrian, 1954). 
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Moderate quantities of adenine are not toxic. Brown, Roll, Plent] & Cavalieri 
(1948) fed adenine to rats in amounts at least as large as 250 mg/kg body 
weight per day, for a week, without any toxic effects. Bennett (1953), 
Bennett & Krueckel (1955a, 6), and Marrian (1954) fed their animals with 
single doses of only about 50-100 mg/kg body weight. 

It was calculated, in the early stages of this research, that the required 
4C activity was of the order of 1 yc/g muscle. This estimate had been made 
to meet the demands for an adequate grain yield in the autoradiographs, and 
was calculated for an emulsion layer about 3 thick. It was realized only 
later that the necessary resolution can be obtained with “C only if the emul- 
sion layer is not more than about 0-3 thick. This means, as will be shown 
later, that the activity would have to be at least 10 yc/g muscle. 

An activity of 1 e/g muscle (the original objective, on which this account 
is based) is not achieved by injection of the living animal. The specific activity 
of the “C-adenine obtainable from the Radiochemical Centre (Amersham, 
Bucks) varied from 1-35 mc/m-mole (Batch 7), to 9-7 mc/m-mole (Batch 9), at 
a cost of £100/me. If the adenine injected into a living frog were evenly 
distributed, and retained in the tissues of the body, the required activity of 
1 pe/g could be obtained by injecting as little as 0-74 pmole, or 100 g/g 
body weight. A single dose of this size (equivalent to 100 mg/kg body weight) 
would not be toxic, nor very costly. But intraperitoneally injected adenine 


is not, in fact, equally distributed in the various organs of the body, and it — 


happens that muscle receives far less than its share of the total. Tissues such 
as liver and small intestine incorporate the injected adenine at a much 
greater rate than does the carcass, and although there is presumably a tend- 
ency, later, towards equalization of the specific activities in the various 
tissues, excretion takes place before this occurs to any useful extent. For 
instance, 2 hr after the injection of “C-adenine, at which time practically no 
free adenine remains, the figures of Bennett (1953), Bennett & Krueckel 
(19554, 6) and Marrian (1954) show that specific activity of the carcass aden- 
ine is only about one-tenth of that of the small intestine. The actual level of 
activity per gram of muscle is obtained from figures recorded by Bennett 
& Krueckel (19556). A 25 g mouse was injected with 10 uc “C-adenine. At 
2 hr the specific activity of the acid-soluble nucleotide of the carcass is given 
as 215 disintegrations/ug adenine. min (=2-9 x 10* dis./umole.min). The acid- 
soluble nucleotide content of muscle is about 5 ~mole/g; thus the recorded 
activity is equivalent to 14-5x 10* dis./min.g, or 0-065 yc/g. The amount 
injected was 0-4 uc/g body weight. In other words, the muscles appear to 
have received only one-sixth of the amount which would be taken up if there 
had been equal distribution throughout the body. By analogy with the mous* 
or rat the required activity in a frog could be obtained only by injection of 
about 120 ye into a 20g frog. This dose is equivalent to about 600 mg/k: 
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(Batch 7), or 84 mg/kg (Batch 9). It might prove to have toxic effects. The 
cost would be about £12 per dose. 

To eonfirm the impracticability of achieving the required activity by in- 
jection, two tests were made with living frogs. In each test 5 wc “C-adenine 
(Batch 7) was injected into the dorsal lymph sac of a frog weighing about 
20 g, and after 19 hr in the first test, and 90 hr in the second, the frog was 
killed and a sartorious muscle dissected. This was washed to remove uncon- 
verted adenine, and its activity was measured. (The technique of counting the 
activity in a living muscle is described later.) The counting rate in each test 
indicated an activity of 0-05-0-08 uc/g muscle. This is 3-5 times less than 
would be found if there had been uniform distribution throughout the body. 
Small pieces of viscera (testis, intestine, kidney and liver) were removed from 
one frog, and brought up to the counter. These had activities 10-20 times 
greater than those recorded from the muscles. These tests on the frog con- 
firmed the conclusion derived from the published work on the rat and mouse. 
Although it was not certain that an injection method would not serve the 
necessary purpose, it was thought worth while to look into the possibility of 
obtaining higher activities by soaking an isolated muscle in a medium con- 
taining radioactive adenine. This proved to be a much more effective way of 
loading the muscle with radioactive nucleotide. 


METHODS 
The sartorius ot a frog retains its viability for long periods in Ringer’s solution at 0° C. Chemical 
reactions occur much more slowly at this temperature than at, say, 20° C, but the low temperature 
has been preferred owing to the difficulty of controlling bacterial growth at a higher one. Oxy- 
genation also presents no problem at 0° C, for diffusion is generally adequate for the needs of the 
muscle. The sartorius muscle was used for the following experiments. 

The volume of solution was generally 1 ml. and the amount of “C-adenine present was 10 yc. 
The muscle and pelvic bone contributed a further 0-2 ml., so the over-all concentration was 8 pc/ml. 
Batch 7 “C-adenine was used. The composition of the medium was varied during the first series of 
experiments. Mixture A was uzed at first, but B and ( were later found to give a better chance of 

Mizture A. Composition (mm): NaCl, 111; KCl, 1-9; CaCl,, 1-1; sodium phosphates (pH 7-2), 
5; p-ribose, 18-5; “C-adenine, 7-4 (10 zc/ml., Batch 7). Neutralized to pH 7-2 with 0-1 n-NaOH, 
using bromthymol blue as indicator. 

Mizture B. Composition (ma): NaCl, 95; KCl, 5-0; CaCl,, 4-0; MgSO,, 1-0; sodium phosphates 
(pH 6-9), 5; p-ribose, 10; p-glucose, 10; “C-adenine, 7-4 (10 »c/ml., Batch 7); crystallized bovine 
plasma albumin (Armour), 50 mg/ml. Neutralized to pH 6-9 with 0-1 n-NaOH, using bromthymol 
blue as indicator. (In this mixture there is deposition of calcium phosphate at pH 7-2.) 

Mizture C. The same as B, with addition of penicillin 50 u./ml., and streptomycin 50 u./ml., 
to prevent growth of bacteria. 

In these mixtures, the ribose was added in case it should prove beneficial in the production of 
 ucleotide (adenine-ribose-phosphate). In earlier experiments the ribose was not included, and 
although its addition appeared to accelerate the development of radioactivity, the variability 
between experiments is too great to be certain whether it really does any good. 

Mixture B differs from A in several respects, but the most likely cause of improvement with B 
is its higher potassium content. At the potassium level in A there is probably some leakage of 
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potassium from the muscle. Fenn & Cobb (1934) found that 5 mm (twice the plasma level) of 
potassium was needed to prevent loss from the muscle. In B the calcium level has been raised, to 
suppress any increment of metabolism which might result from the elevated potassium (Solandt, 
1936). The magnesium content of B is about the same as in frog’s plasma (Boyle & Conway, 1941). 
Serum proteins may also contribute to the maintenance of the normal inorganic components of 
muscle (Carey & Conway, 1954; Creese, D’Silva & Northover, 1958), and albumin was added to 
B to give a concentration (5%) about equal to that found in mammalian plasma. Bacterial 
advantage. 

Preparation of the muscle. The sartorius was first soaked for some hours in oxygenated buffered 
Ringer’s solution. 1 ml. of the radioactive mixture was put into an ordinary half-inch test tube, 
or, in the later experiments, a one-inch (2-5 cm) round-hottomed tube. The muscle, with cotton 
tied to the tendon, was then put into the radioactive mixture, the tube was filled with oxygen, 
corked, and placed in a vacuum flask containing ice and water. This was stored in a refrigerator 
for up to 30 days. In the earlier experiments the excitability of the muscle was tested periodically, 
but as it proved that its appearance was sufficient indication of its condition, in the later experi- 
ments the tube was not opened except when it was necessary to test the level of activity in the 
muscle. 

Oxygen supply. At 0° C the oxygen requirement of frog’s muscle is 10-* ml./g muscle. min. If 
the solution were initially equilibrated with pure oxygen (3 x 10-* ml. O,/g), a muscle weighing 
100 mg could survive for 50 hr on the oxygen present in solution. It had been assumed that with 
the muscle in a test tube the oxygen in solution would be replenished at a sufficient rate from the 
gas above. Calculation showed that this would only be so if convection aided diffusion. Survival 
was better with the wider bore tube; in this, no part of the muscle was more than about 2 mm 
from the surface, and mixing was not required to ensure adequate oxygen supply for an un- 
limited period. 

Measuring the amount of “C-nucieotide in the muscle. The electrons emitted by 'C are able to 
penetrate only short distances through living material. Half the radiation is absorbed by 30, of 
water. Most of the electrons from a source as thick as a sartorius are absorbed internally, and it 

may be calculated that the radiation actually leaving the surface is equal to the total radiation 
emitted by a layer 40, thick of the same area, If a sartorius is brought close to the window of a 
suitable Geiger tube (in these experiments a G.E.C. Type CV. 2139 tube was used, with a 2 cm 
diameter window of mass 1-9 or 2-3 mg/cm*) the counting rate is significantly above background 
for concentrations not less than 0-1 yc/g. It was therefore possible to follow the accumulation of 
nucleotide in the range of concentrations required. This meant a considerable saving of time and 
material in making the preliminary experiments; the alternative would have involved extraction 
of the radioactive material from the muscle, followed by assay of the extract. It would have 
required sacrifice of a muscle for each measurement. 

The ‘geometry’ for the ‘whole muscle’ counting is not sufficiently definable to allow accurate 
measurements to be made, but the results were good enough for the present purposes. Calibra- 
tion was done by using a thin layer of “C-adenine, of known activity, applied as a solution in 
water on an area of glass slide roughly similar in form to that of a stretched sartorius. After 
drying the slide was brought up to the Geiger tube, with the radioactive patch in the position of 
the muscle, as close to the window as possible without touching it. It was deduced from this 
calibration that for a window mass of 2 mg/cm?, one-twelfth of the radiation leaving the surface 
of the muscle facing the tube would be recorded on the counter. For an average sartorius the 
area involved is about 50 mm*, The radiation leaving the surface is equal to the total emitted by 
a layer 40 thick, so a concentration of 1 ~c/g a muscle should give a counting rate of 360 counts: 
min. The background was about 20 counts/min. 3 

This estimate was checked by assaying an extract from a muscle which had been soaked in the 
radioactive adenine for 10 days. The counting rate for the intact muscle was 380/min above 
background, giving an estimated activity of 1-15 wc/g. Assay of the extract gave almost exactly 
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the same figure (1-10 yc/g muscle). Such, agreement would not normally be expected, because 
the assumptions which have to be made are rough and ready. In particular, the area of muscle 
facing the Geiger tube must vary considerably from muscle to muscle. It has been found, more- 
over, that the outer surface of the muscle always shows a higher activity than the inner surface. 
This was surprising in view of the presence of a connective tissue sheath over the outer surface, 
for this should absorb a fraction of the outcoming radiation. The explanation may be that some 
fibres are invariably damaged on the inner surface during dissection. The difference was found to 
be as much as twofold. 

The ‘whole muscle’ method for estimating the activity was good enough for the purpose of 
these experiments. Even though the results cannot be very accurate in absolute terms, the method 
is reliable and useful for following changes in any one muscle, as the radioactivity builds up with 
time. 

RESULTS 


U ptake of radioactivity by the muscle. Before it was washed the muscle had, 
of course, a very high activity, on account of the unchanged “C-adenine which 
was still present. The adenine was therefore removed by washing the muscle. 
The progress of this washing out was recorded on a number of occasions, to 
find the time required to eliminate the unchanged adenine. The muscle was 
lifted from the radioactive solution by the cotton attached to its tendon, 
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Text-fig. 1. Radioactivity recorded from the surface of a sartorius which had been soaked for 
3 days (©), 6 days (@), and 10 days (©) in 1 ml. of mixture 4, at 0° C. At zero time the 
muscle was raised from the radioactive solution, its activity was measured, and it was then 
washed in non-radioactive solution for the times shown. The activities are expressed as 
percentages of the values at zero time. The activities at zero time, and at the washing times 
shown by the last point on each curve were: 3 days, 2429, 176 counts/min; 6 days, 1930, 
289 counts/min; 10 days, 1693, 373 counts/min. All values are corrected for background 
radiation. The decline in the zero time values of the activity is due to dilution of the radio- 
active solution by re-immersion of the muscle after washing. 
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fixed to a glass framework, stretched to a standard length, and mounted on a 
stand with horizontal and vertical movements. It was then brought up to 
the Geiger tube and a count was taken for 1 min (not longer, or the muscle 
started to dry up). The muscle was then lowered into a large volume of oxy- 
genated, buffered Ringer’s solution at 20° C. The unchanged adenine was then 
slowly washed out of the muscle, and the decline in activity of the muscle was 
followed (Text-fig. 1) by periodically raising it from the solution and bringing 
it up to the Geiger tube for a count of 1 min. 

A muscle which had been in the radioactive solution for only a short time 
lost most of its activity after 2-3 hr washing. When the muscle had been 
for a longer period in the radioactive mixture, the residue of ‘bound’ activity 
which remained after a similar period of washing was found to be greater, and 
continued to increase while the muscle was treated with the “C-adenine. 

Level of radioactivity achieved. A number of experiments on the above lines 
were done. They are difficult to summarize, for the conditions were somewhat 
varied; the muscles are not always in good condition in the later stages, and 
in these the washed-out activity never reached a definite plateau. However, 
the upshot was that it was clearly possible to attain the level of activity which 
had been set as the objective, that is about 1 wc/g muscle. But it remained 
to prove what has been tacitly assumed in the foregoing account, that the 
radioactive material remaining in the muscle after washing was (at least 
mainly) acid-soluble adenine nucleotide, for the further application of the 
method depended on this. 


PART II. Establishing the nature of the bound radioactive material; 
Identification as adenine nucleotide 


From what is known about the fate of adenine injected into mice, there is good 


reason to suppose that the bound radioactive material is mainly acid-soluble. 


nucleotide. Nucleic acid also acquires radioactivity from injected adenine in 
mice, so it is necessary to ascertain, by the appropriate separation, whether it 
contributes significantly to the bound radioactive content of the loaded muscle. 
There is no information available to indicate the quantity of nucleic acid in 
frog’s skeletal muscle. The ribonucleic acid phosphorus in rat’s skeletal muscle 
amounts to 6-7 mg/100 g fresh tissue (Schneider & Klug, 1946), or 2-2 pmole/g. 
Taking, approximately, the equivalence of 1 atom P with 1 adenine residue, 
this figure represents also the quantity of nucleic acid adenine in the rat's 
muscle. The acid-soluble adenine nucleotide content of frog’s muscle is about 
5 wmole/g, which is not much greater than the molar quantity of nucleic 
acid adenine in rat’s muscle. But it seems probable that there is a good dea! 
less nucleic acid in frog’s muscle than there is in rat’s, and the C specific 
activity of the nucleic acid in the loaded muscle is not likely to be higher 
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than that of the acid-soluble nucleotide. Bennett & Krueckel (19554) have 
shown that in mice acid-soluble adenine nucleotide appears to be the pre- 
cursor of nucleic acid adenine; following administration of “C-adenine the 
specific activity of the nucleic acid adenine never exceeds that of the acid- 
soluble adenine during the rising phase. Only during excretion may the 
nucleic acid adenine assume the higher value. 

But it is obviously desirable to make a direct comparison of the activities 
present in either fraction of an extracted muscle: this will not necessarily 
give a measure of the relative molar quantities of acid-soluble adenine nucleo- 
tide and of nucleic acid adenine, for the specific activities may be different in 
the two fractions owing to incomplete equilibration between them, but it 
should at least answer the practical question relating to the contributions 
from these two sources in an autoradiographic image, and give an idea of the 
degree of confusion of the one by the other. 


Extraction of the radioactive-material from an intact muscle 

An experiment similar to those described in Part I (p. 135) was done to test 
whether the radioactive material is freely soluble, or is bound in an insoluble 
form in the muscle. In the former situation the greater part of the radioactivity 
should be readily removed by immersing the living muscle in pure water. 
Perry (1952) has shown that about 10% of the adenine nucleotide in rabbit’s 
muscle is bound to the myofibrils in neutral solution, and is removed only 
by acid; 90 % is free, and in a muscle killed by immersion in water this fraction 
should be washed away. 

METHODS 

In order to facilitate measurement of any residual activity following treatment with pure 
water a high initial activity was required. Batch 9 adenine was used (9-7 mc/m-mole) at a con- 
centration of 7-4 m-mole/ml. (71-5 ue/ml.), in a solution of the following composition (mm): 
NaCl, 95; KCl, 5-0; CaCl,, 4-0; MgSO,. 1-0; sodium phosphates (pH 6-9) 5; p-ribose, 10. This was 
neutralized to pH 6-9 with 0-1 n-NaOH, using bromothymol blue as indicator. 

A sartorius was soaked for 69 hr in 1 ml. of this mixture at 0° C. The muscle was then trans- 
ferred to a washing solution of the above composition, less the ribose and adenine, at 20° C, and 
its excitability tested. This appeared normal, and remained so for the next 5 hr while the un- 
changed adenine was being washed from the muscle, though it was clear from inspection that some 
of the fibres were damaged, and presumably dead. This point is of interest, because although the 
concentration of adenine was the same as that (of Batch 7) used successfully on other occasions for 
much longer periods of contact, the rate of radiation on this occasion was over seven times 
greater than before, and this may have accounted for the damage. The radiation dosage was at 
the rate of 214 rep/day, or 615 rep over the whole exposure period. 


RESULTS 
After the transfer to the washing solution the activity was recorded periodi- 
cally from the outer surface of the muscle. It approached a constant 
value at about 5 hr (Text-fig. 2), at a counting rate of 1612/min, equivalent 
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to an activity of about 4-5 yc/g muscle. The muscle was then made inexcitable 
by immersion in a sodium-free solution (choline substitution), and at the point 
indicated in the figure it was plunged in pure water. The activity then fell 
off in a manner suggestive of a release of freely soluble material. The final 
counting rate was 84/min (average of 10 measurements, 60 sec each) after 
18-19 hr in pure water. The muscle was then immersed in 10% trichloroacetic 
acid at 0° C; the activity then very rapidly fell to a lower value, measure- 
ments (60-sec counts) being taken as follows: 11 min, 31; 23 min, 49; 27 min, 
41; 43 min, 36; 59 min, 36; 93 min, 51; 131 min, 50; 136 min, 47; 160 min, 36; 
175 min, 48 counts/min. 


6r- +2 
= x 
3 2 
3° 418 
1 
o- 100 200 300 400 500 600 


Minutes 
Text-fig. 2. Extraction of radioactive material from an intact muscle. The muscle was removed 
from the radioactive adenine solution at zero time, and washed in Ringer's solution for 
370 min. Each point (©) represents the surface emission recorded as a 60 sec count. At the 
time shown by the arrows the muscle was killed by immersion in distilled water. The ordinate 
scale on the left applies to the early part of the record, that on the right to the second part. 


It was noticed that the living muscle swelled considerably on immersion 
in water, and subsequent transference to trichloroacetic acid caused a shrink- 
age, the final volume being rather less than the initial. Owing to self-absorp- 
tion of the radiation within the muscle, these changes must have resulted in an 
underestimate being made of the activity in the water-extracted specimen. and 
an overestimate in the acid-extracted one. 

The conclusions which can be drawn are: (1) Water extraction causes a 


loss of radioactive material from the muscle, to the extent of about 90-95%, — 


of the total. (2) Extraction with trichloroacetic acid at 0° C causes a further 
release, the remainder being in the region of 3% of the amount originally held 
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by the living muscle. The activity released by the acid may tentatively be 
assumed to represent Perry’s bound nucleotide; and the final residue may 
indicate the activity borne by the nucleic acids. The figures do not neces- 
sarily represent the relative total adenine content of the nucleic acid as com- 
pared with that of the acid-soluble fraction, for the specific radioactivities in 
these fractions may not be the same. 


Direct assay of soluble nucleotide and nucleic acid fractions 

To ceufirm the above conclusions regarding the distribution of the activity 
as between free nucleotide on the one hand, and nucleic acid nucleotide on 
the other, direct assays were made on extracts of the two separately. The nor- 
mal procedure for separation (Schneider, 1945) involves: (1) treatment of the 
disintegrated tissue with cold trichloroacetic acid (TCA)—this dissolves the 
nucleotide (the greater part of which is water-soluble), but not the nucleic 
acid ; (2) treatment of the residue with hot TCA—this breaks down the nucleo- 
protein, and causes the nucleic acids to go into solution. 


METHODS 
A muscle was soaked at 0° C for 21 days in mixture B (see p. 135). After the unchanged adenine 


__ had been washed out, the muscle (67 mg) was cut into small pieces with scissors, put into a centri- 


fuge tube with 1 ml. 10% TCA, and pounded for 10 min with a glass rod to break it up. The tube 
was centrifuged and the supernatant put on one side for assay of radioactive nucleotide. The resi- 
due was washed twice with 10 ml. 10% TCA, and the centrifuged residue was then heated with 
1 ml. 10% TCA at 90° C for 65 min. The tube was centrifuged, and the supernatant poured off 
for assay of radioactive nucleic acids. | 

The TCA was removed from the two specimens by shaking each of them twice with 10 ml. 
diethyl ether. A 20 ul. quantity of each was then put as a drop on a glass slide, and dried in a 
stream of hot air. The activity of the dried material was measured with a Geiger tube. The dis- 
integration rates corrected for background, ‘geometry’ and window thickness were calc lated. — 


The sample containing the nucleotides had an activity equivalent to 2-4 ye/g 
muscle; the second sample, with the nucleic acids, showed an activity of 
0-28 we/g. The figures suggest 12° as the contribution of the nucleic acids to 
the total, but the true value may be lower, owing to imperfect washing of the 
muscle residue after the cold acid extraction. It has been seen that extraction 
of a whole muscle gave a value of 3%, for the same fraction. 


Chromatographic separation of the constituents of the cold acid extract 
There are two reasons for requiring chromatographic separation of the cold 
acid extract; (1) It has to be proved that the active material is not unchanged 
adenine. The binding, in a living muscle, does not in itself constitute sufficient 
proof of synthesis into a higher material. (2) It has to be shown that the active 
material has the characteristics of adenosine triphosphate, or other adenosine 
phosphates. 
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A suitable solvent for the purpose, using ascending paper chromatography, is 60% n-propanol, 
30%, 0-890 ammonia, and 10% 2 mm-ethylenediamine tetra-acetic acid in water. The location of 
the adenine, or the adenine derivatives, was found by ultra-violet contact printing, making use 
of the intense absorbing power at wave-lengths around 260 mp. The radioactive material was 
located both by scanning the chromatogram with a Geiger counter, and also by autoradiography 
of the chromatographic paper. 

A sartorius was soaked in mixture A (p. 135) for 14 days at 0° C. It had by then acquired a 
bound radioactivity, as measured in vivo, of 1-33 wc/g (external surface), 0-65 wo/g (internal sur- 
face). The subsequent assay of the acid extract showed an activity of 1-01 yo/g. 

The muscle was washed free from adenine by soaking for 4 hr in oxygenated buffered Ringer's 
solution. It was cut off the pelvic bone, weighed (70 mg), and made inexcitable by immersion in 
isotonic potassium sulphate for 10 min. It was then rapidly cut into small pieces with scissors, 
and the pieces were immersed in 1 ml. 6-25% TCA at room temperature in a centrifuge tube. 
5 mg ethylenediamine tetra-acetic acid was added to form soluble complexes with calcium and 
magnesium, which would otherwise tend to spoil the chromatogram (Walker & Warren, 1951). 


Text-fig. 3. Chromatographic separation of cold trichloroacetic acid extract of a radioactive 
muscle. 1, ultra-violet contact print after first stage of development; 2, U-V contact print 
after re-development three times in the same solvent; 3, autoradiograph corresponding to 


stage of print 2. The starting line of the chromatogram lies along the bottom edges of prints 
1 and 2. Further details in text. 


The pieces of muscle were pounded in the acid with a glass rod for 15 min. The tube was centri- 
fuged, and the extract poured off. The TCA was then removed by shaking with 10 ml. ether. A 
sample was taken for assaying the radioactivity (see above). The remainder was evaporated to 

dryness under a vacuum and taken up again in 50 yl. water. A 3 in. (7-5 cm) strip of unwashed 
Whatman No. | filter paper was prepared for the chromatogram by running it blank in the solvent 
for 3 hr; the object was to remove interfering substances well away from the starting line. The 
paper was then dried. Two chromatograms were run in parallel on the same strip (Text-fig. 3). At 
A 20 pl. of the muscle extract was spotted on the starting line; at B, 20 ul. musé¢le extract, to- 
gether with two marker substances, namely 6-5 ug adenine (non-radioactive) in 10 yl. water, 
and 10 yl. of a solution of adenosine monophosphate which had been prepared from a mixture of 
the di- and tri-phosphates by hydrolysis for 2 days, at 20° C, with an excess of calcium hydroxide. 
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The spots A and B were dried, and development with the solvent (ascending) started. At 18 hr 
development was stopped, the paper was dried, and an ultra-violet contact print was made on 
reflex document paper (Text-fig. 3, print 1). This was done with an arrangement similar to that 
described by Markham & Smith (1949), using a nickel chloride—cobalt chloride-gaseous chlorine 
filter, to isolate the 254 my line of a mercury vapour source. Apart from protein, which is not 
present in appreciable amounts in the extract, the adenine nucleotides are the only substances in 
muscle which show marked absorption at this wave-length, so these are easily picked out by 
U-V contact printing. It is seen that the adenine nucleotides in muscle extract alone (A) have 
moved only a short distance, while the adenine added to B is visible as a spot at the top of the 
print. The adenosine monophosphate (added to B) has travelled a little further than the di- and 
tri-phosphates. 

At this stage the filter paper was scanned with a Geiger tube fitted with a 1 mm slit over the 
window. High activity was recorded in the region corresponding with the nucleotide shadow of 
chromatogram A. On the line of B activity was recorded only in the region of the lowest shadow; 
the monophosphate region had no appreciable activity, and there was no trace of activity higher 
up the paper in the area corresponding to the adenine shadow, nor in a position, slightly further 
advanced along the paper, which would be the location of adenosine in the unlikely event of its 
being present in radioactive form. (The comparative migration rates of adenine and adenosine 
were established in an independent test with the same solvent.) Nor was any trace of activity 
found in similar regions on line A. 

This answers the first question. The bound radioactive materia! is not adenine itself, but it 
would appear to have separation characteristics similar to those of the adenosine phosphates. 
To investigate the matter further the chromatogram was re-developed. three times in the same 
solvent, the paper being dried after each stage. A U-V contact print was then made (Text-fig. 3, 
print 2). The exact distribution of the radioactive material was found by making anmutoradio- 
graph of the filter paper. This was done by clamping the paper against a strip of X-ray film 
(Kodak, ‘Crystallex’) and exposing it for 13 days. The film was then developed, and a contact 
print was made (Text-fig. 3, print 3). Comparison of the U-V contact print with the autoradio- 
graph shows that the radioactivity on line A has a distribution which is practically identical with 
that of the adenine nucleotide. On line B the exposed areas on the autoradiograph again cor- 
respond with the rearmost shadows of the U-V contact print; it will be seen that these components 
appear to have been retarded slightly, presumably by some interfering action of the marker sub- 
stances. The dense U-V shadow attributable to the added adenosine monophosphate has no 
accompanying radioactivity; nor is there any agtivity associated with the distinct, though 
unidentified shadow which is seen to lie just below the monophosphate. 


The above results are taken as sufficient proof that the radioactive material 
bound by muscle following prolonged immersion in “C-adenine solution 
consists largely of adenosine di- and tri-phosphate, together with a relatively 
small amount of labelled nucleic acid. 


Some remarks concerning the reactions involved in the uptake 
of adenine by muscle 

There is very little published information concerning the stages of nucleo- 
tide synthesis im vivo, and the chemical reactions involved in the integration 
of artificially added extracellular adenine into intracellular nucleotide are 
not known. The main alternative possibilities are: (1) The adenine is syn- 
thesized by combination with ribose and phosphoric acid, to form an over-all 
addition to the normal stock of nucleotide. (2) An exchange reaction occurs, 
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without involving any addition to the total amount present. An activity of 
1 po/g muscle, using Batch 7 ™C-adenine, indicates that a not negligible 
proportion of the nucleotide molecules in the muscle must have artificially 
added adenine rings. The nucleotide content of frog’s muscle is about 5 umole/ 
g; the activity of Batch 7 adenine is 1 yc/0-74 pmole. Thus at 1 ywe/g muscle 
the artificially added adenine amounts to 15% of that normally present. If 
incorporation is by synthesis, as distinct from exchange, the total quantity of 
nucleotide in the muscle should increase by an amount which is detectable by 
ordinary (e.g. spectrophotometric) methods. However, this is a side issue, 
and only two (rather incomplete) experiments, using non-radioactive materials, 
have been done on these lines. The first indicated that a muscle soaked in an 
adenine-rich mixture acquires extra nucleotide compared with a control muscle. 
The second experiment, with adenosine, showed a similar increase, again 
pointing to synthesis rather than exchange. The latter test was done with the 
object of finding out whether adenosine is more rapidly converted to nucleo- 
tide than is adenine, the practical issue here being to determine whether 
a higher yield of nucleotide could be obtained with adenosine as a precursor. 
The single experiment suggests that there is nothing to be gained. 

A systematic series of experiments to elucidate the mechanism of conversion 
of adenine to nucleotide would probably be needed if any advance is to be 
made. It is pointed out in the Discussion (p. 169) that it would be a decided 
advantage to have a precursor which gave the necessary activity more readily. 
This would avoid the prolonged isolation of the muscle, and high radiation 
dosage; both these factors may have been responsible for damage to the muscle, 
affecting the autoradiographic image. 


PART III. Labelling the nucleotide with tritium 

Certain points have been established by the use of carbon-14 It has been 
shown that adenine is converted to acid-soluble adenine nucleotide by isolated 
frog’s muscle; and, secondly, that an activity of the order of 1 we/g muscle 
may be obtained with a soaking mixture containing 10 uc/ml. radioactive 
adenine. The next stage was to find a suitable method for labelling the nucleo- 
tide with tritium instead of carbon-14. There are two reasons for wishing to do 
this: (1) to improve the autoradiographic resolving power; this is discussed 
fully in Part IV (p. 158); and (2) to obtain a much higher specific activity 
of the labelled material, by using an isotope with a relatively short half-life. 

Before describing the techniques which involve the muscle itself an account 
will be given of the method used for making tritiated adenine: it is not com- 
mercially available. Following this there is a note on the possible radiation 
damage which the muscle may suffer as the result of the long exposure to the 
high levels of radioactivity which is required in the process of labelling the 
muscle nucleotide with adenine as the precursor. 
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Preparation of tritiated adenine 

Kidinoff & Knoll (1953) showed that it was possible to introduce tritium 
into stable positions in the adenine molecule by an exchange process with 
tritiated water, using a platinum catalyst. The 2- and 8- positions (bonded 
to carbon) are stable; tritium bonded to nitrogen is not stable, and is replaced 
by hydrogen during purification of the product. 

Kidinoff & Knoll used a relatively large-scale method, with a reaction 
mixture of 25 ml., containing 500 mg adenine. The activity of their product 
was 0-5 mc/m-mole. Tritium is a comparatively cheap isotope, but the cost 
of producing higher activities on the scale used by Eidinoff & Knoll would be 
prohibitive. A smaller scale procedure was therefore adopted, with other 
modifications of Eidinoff & Knoll’s method. 


METHODS 
Adenine is only slightly soluble in water (about 0-1%), but dissolves more easily in acid or alkali. 
10 mg adenine (L. Light and Co.) was dissolved in 0-25 ml. 70% acetic acid (this is about the 
limit of solubility), and 5 mg Adams’s platinum catalyst (PtO,) was added. The reaction vessel 
had a capacity of 25 ml.; it should not be much greater than this, or a considerable part (more 
than 10%) of the reaction medium would be in the form of vapour at the reaction temperature, 
and therefore not in contact with the catalyst. 

The reaction mixture was frozen in liquid oxygen, the vessel was evacuated, filled with hydrogen 
from a cylinder, warmed to room temperature, and agitated by hand for several minutes. The 
mixture was again frozen, evacuated, refilled with hydrogen, thawed and agitated for several 
minutes. The process was repeated once again, and the platinum catalyst was then assumed to 
be in its reduced, active form. 

An ampoule containing 5 curies of tritium gas (98-8 % tritium, 2-04 ml at s.t.p., obtained at a 
cost of £20 from A.E.R.E., Harwell) was put into a Pyrex glass tube of about 50 ml. capacity, 
containing 10 g copper oxide (British Drug Houses, Ltd., M.A. Reagent, wire form). The tube 
was evacuated and sealed off. The tritium gas was released from the ampoule by a magnetic 
breaker, and one end of the tube (containing the copper oxide) was put into a furnace at 600° C 
where it was left for 16 hr. After cooling the tritium oxide formed by combustion was condensed 3 
in one end of the tube by immersion in liquid oxygen. The tube was then opened, and put into a 
larger tube immersed in liquid air on one side of a distillation manifold. The reaction vessel 
containing the adenine-Pt-acetic acid was put on the other side of the manifold. With both sides 
in liquid oxygen the system was evacuated and closed off. The combustion chamber was then 
warmed to 100° C and the tritium oxide (about 2 mg) was distilled over into the reaction vesse 
containing the adenine. With the reaction mixture still frozen in liquid oxygen, the vessel was 
sealed off. It was then put into dn oven at 100 °C for 24 hr. The mixture was kept in motion 
during this period by continuous rotation with an electric motor, the vessel being held on the slant. 
After 24 hr in the oven the reaction mixture was frozen in liquid oxygen, the vessel was opened 
and put into a larger tube immersed in liquid oxygen, on the distillation line. The active water 
and acetic acid were distilled off into a storage tube, which was sealed off and kept for future use. 

Purification of product; removal of labile tritium. The labile tritium, bonded to nitrogen, was 
removed from the adenine by treatment first with alkali, then with acid, followed by water. The 
colloidal platinum had also to be removed. The procedure was as follows. The adenine was 
dissolved in 5 ml. x-NH,OH, and 10 mg MgSO,.7H,O was added to flocculate the colloidal 
platinum. The mixture was centrifuged to remove the platinum. It was then evaporated to 
dryness on a water pump. The residue was dissolved in 5 ml. x-formic acid, and after a few minutes, 

10 PHYSIO. CXLV 


of 
ble 
lly 
‘le 
If 
of | 
by 
e, 
ls, 
an 
le. 
ain 
he 
er 
or. 
on 
be 
ed 
ly. 
on 
le, 
en | 
ed 
le 
ve | 
lo 
ad 
by 
e. 
nt 
n- 
he 
he 


146 | D. K. HILL 


was again dried. It was then evacuated on a mechanical pump for 90 min to complete the re- 
moval of the formic acid, which forms an unstable salt with adenine. The product was slightly 
discoloured by traces of colloidal platinum, and further steps had to be taken to remove this 
contamination. The product was dissolved in 20 ml. water; 130 mg ‘Celite’ (magnesium silicate- 
filter aid) was added. The mixture was filtered with No. 1 paper, and washed through with 5 ml. 
practically free from discoloration was stored in a vacuum desiccator. The magnesium sulji::‘« 
was not removed, as its presence would not matter in the experiments with muscle. 

Ultra-violet spectrophotometric analysis of a sample showed that the absorption spectrum 
corresponded closely to that of adenine, with a peak at 260 my. The absorption also showed that 
the total yield was 8-7 mg adenine. 4-9 mg MgSO, was present in addition. 

Assay of the product. The tritium content of the product was assayed by the acetone gas counter 
method of Bradley & Bush (1956). For this assay the tritium has to be present in the form of its 
oxide. A solution containing 0-076 mg tritiated adenine, with 1-8 mg unlabelled adenine as carrier 
in 1 ml. s-NH,OH, was put in a Pyrex combustion tube, and the solvent evaporated off. 0-5 g 
copper oxide was added, and the combustion tube was evacuated and sealed off. it was then put 
into a furnace at 580° C. Adenine sublimes at 220° C, and rapidly undergoes combustion at 580° C. 
(The efficiency of combustion was proved with an unlabelied sample of adenine, the quantity of 
water formed being estimated by measuring the dew-point temperature in a vessel of suitable 
volume.) After 15 min in the furnace one end of the tube was cooled in liquid oxygen to condense 
the water and tritium oxide. The product was distilled off into a receiver, where it was diluted 
to 25 ml. 

The assay showed that the activity of the adenine was 333 mc/m-mole. The activity which 
would be found if the tritium became uniformly mixed with all hydrogen atoms in the reaction 
mixture, would be 505 me/m-mole. This makes allowance for the assumed complete removal of 
tritium from the two unstable positions in the molecule. 

_ The half-life of tritium is 12-5 yr, and all activities quoted in this paper are corrected for loss 
by decay. 


Carbon-14. With this isotope there is not much likelihood of damage. In a 
medium containing 10 yc/ml. the tissue receives a dose at the rate of 30 rep 
(roentgen equivalent physical) per day. This is calculated from the formula 
20 E..ax Tep/day, for an isotope concentration of 1 uc/ml., where E,,,,, is the 
maximum emission energy in MeV (Evans, 1950). After 20 days the total 
dose is 600 rep. Damage is not likely to result (see below) from a dose less than 
1000 rep. 

Tritium. The radiation from tritium is ten times weaker than that emitted 
by carbon 14 (E,,,,, is 0-018 MeV, compared with 0-154 MeV), but the tritiated 
adenine has an activity which exceeds that of Batch 7 “C-adenine by a factor 
of 247. Thus for a concentration of tritiated adenine equal (in m-mole/I.) to 
that used in the carbon-14 experiments, the muscle would receive 29 times as 
much radiation (in rep) in a given time. This would amount to 870 rep/day. 

Bacq, Lecomte & Herve (1949) investigated the effects of very intense 
radiation on frog’s striated muscle (rectus abdominis), using **P and X-rays 
for the purpose. They found that concentrations of isotope exceeding 1 mc: 
mi. (for E,,,, 1-71 MeV, 1 mc/mi. would give 1430 rep/hr) a contracture 
developed spontaneously. With a smaller dose a contracture appeared only 
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after stimulation. At 0-8 me/ml. the contracture was irreversible, but at a 


‘much lower concentration, 0-031 me/ml. (1060 rep/day), in contact with the 


muscle for 45 min, the contracture brought on by stimulation was reversible. 

It appears that irradiation of muscle at a rate equivalent to more than 1000 rep/ 
day rapidly produces a ‘toxic’ effect. This seems to be quite distinct from the 
permanent damage which results from very prolonged low-level radiation, 
and it still remains to decide the value of the total dose which can be given over 
an extended period. It was suggested above that 1000 rep is about the maxi- 
mum, for this is the amount known to damage a variety of tissues, such as 
skin, gland and tumour tissue. The toxicity of tritium oxide itkmice has been 
investigated by Brues, Stroud & Rietz (1952). The 30-day median lethal 
dose was found to be about 1 mc/g body weight; the estimated radiation dos- 
age was 800 rep in the first?3 days, and about 1000 rep in the first 12 days 
after injection, by which time most of the tritium oxide was excreted. 


The use of *H-adenine for labelling the muscle 

The results which have been obtained with carbon-14 give sufficient evi- 
dence as to the identity of the labelled substance in the muscle, and there is 
little reason to question the assumption that the *H-adenine should react in a 
similar manner. The so-called ‘isotope effect’, which is the manifestation of 
physical and chemical differences due to differences in atomic weight, can be 
considerable in certain circumstances. In this case, however, the relatively 
high molecular weight of adenine (135), combined with the non-reactiveness 
of the atoms in the labelled positions, makes it unlikely that the isotope effect 
is large enough to matter. 

The points which required investigation were: (1) the ability of a muscle to 
react with *H-adenine to give a yield of ‘bound’ material of the same order of 
magnitude as would be expected from the “C-adenine experiments—provided 
it gave the expected result, this was regarded as the only test required to 
establish the similarity in behaviour with the two isotopes; (2) the effect of 
radiation on the muscle; (3) the stability of the *H-adenine in the solution 
used for soaking the muscle. 

Experiments with *H-adenine on sartorvus muscles 

The best preservation of the muscle structure in a freeze-dried specimen is 
obtained by using a very thin muscle, and the autoradiographs were made with 
the m. ext. long. dig. IV from the foot of the frog. The preliminary tests, on the 
lines just mentioned, were done with the sartorius; it is easy to handle, and its 
greater bulk facilitated the assay of *H-labelled material. 

Two experiments were done. In the first, the assay of tritium was ar the 
primary purpose, and it was undertaken at a late stage after prolonged 


soaking of the muscle in methacrylate monomer. <<a 
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First experiment. A sartorius was set up in the way described in Part I (p. 136), using mixture 
C, with “C-adenine substituted by 1-7 m-mole/l. (557 yo/ml.) *H-adenine. The MgSO, used for 
purification of the adenine amounted to an increment of 0-95 m-mole/l. The dose rate was 197 rep/ 
day. The vessel was stored at 0° C. At 90 hr the muscle was removed from the mixture, and found 
to be in good condition. Its electrical excitability was normal. It was soaked for 6 hr in plain 
Ringer’s solution to remove unchanged adenine, and was then freeze-dried, and infiltrated with 
activated methyl—butyl methacrylate monomer in the way described in detail later. It remained 
in the methacrylate for 24 days. It was then assayed for tritium. It was soaked in toluene to 
remove the methacrylate, dried, sealed into a Pyrex combustion tube with copper oxide, and 
heated at 550° C for 80 min. There is incomplete combustion of the muscle substance under these 
conditions, but it may be assumed that the adenine will vaporize and undergo combustion, as 
in the assay described above. The tube was then frozen in liquid oxygen, opened, and the tritium 
oxide distilled off and collected. It was assayed in the acetone gas counter, and the result showed 
that the muscle contained 68 yc/g. This activity is somewhat higher than would be expected 
on the basis of the carbon-14 experiments. The best comparison is provided by the example 
illustrated in Text-fig. 1. Using a mixture containing 10 yc/ml. the concentration in the muscle at 
90 hr would have been equivalent to about 0-6 yc/g, so the expected activity for a soaking mixture 
containing 557 »c/ml. would be 33 yc/g. The value of 68 yc/g for the tritium-labelled specimen 
is twice as large, but taking account of variabilities and errors it is of the right order of magnitude 

This experiment shows, incidentally, that the nucleotide of muscle is extremely insoluble in 
methacrylate monomer. 

Second experiment. A sartorius was set up as for the first experiment, in a solution containing 
mixture C, with “C-adenine replaced by 3-4 m-mole (1112 yc/ml.) *H-adenine (plus 1-9 m-mole/1. 
MgSO,); radiation dose rate, 393 rep/day. It was stored at 0° C. After 117 hr the muscle was re- 
moved from the mixture and found to be in good condition, with normal excitability. It was 
washed for 4 hr, and then freeze-dried and infiltrated with methacrylate. Two tritium assays 
were made: (1) On the water contained in the radioactive mixture used for soaking the muscle. 
This was separated by distillation. The assay showed an activity of 1-84 »c/ml., which is only one 
part in 604 of the total activity present; the result shows the stability of the *H-adenine in water. 
(2) On part of the muscle in the methacrylate. This was done by the same method as in the first 
experiment, and gave a value of 59 yc/g muscle. Using the same basis of comparison as before, 
an activity of 78 uc/g would have been expected. 


The conclusions from these experiments are: (1) The muscle in ?H-adenine 
acquires bound radioactivity, presumably in the form of nucleotide, to the order 
of magnitude expected from the carbon-14 experiments; (2) Radiation dose 
rates as high as 400,rep/day at 0°C are not harmful up to 5 days exposure; 
(3) The *H-adenine is stable under the conditions of the experiment, and there 
is negligible exchange of tritium with the hydrogen of the water in the solution. 

The effect of temperature on radiation damage. In the above experiments 
with the sartorius, and in subsequent experiments with the m. ext. long. dig. IV, 
the muscle was exposed to the radioactive mixture at a temperature of 0° C; it 
appears that the very high radiation dose rate can be tolerated only at low 
temperature. At higher temperatures other factors, such as the diffusion of 
oxygen, are not negligible, but the survival of two muscles in *H-adenine 
at 20°C was so short that it seems certain the radiation must have had a 
toxic effect. One muscle (a sartorius) survived for only 5 hr; the other (m. ext. 
long. dig. IV) for 44 hr. The activity of the solution was 557 yxc/ml. The harm- 
ful effect appears to be entirely abolished by lowering the temperature to 0° C. 
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Labelling the nucleotide of the m. ext. long. dig. IV 


Before describing the procedure for labelling the toe muscle some considera- 
tion must be given to the reasons for preferring this muscle to the sartorius. 


The preservation of structure by freeze-drying. Preservation of the muscle structure is satis- 
factory only in parts of a freeze-dried sartorius embedded in methacrylate. The greater part of 
the muscle shows most inferior preservation, the fault being seen as a longitudinal ‘threadiness’, 
giving the impression of shrinkage of the myofibrils, and a loss of birefringence in the A bands. 
The most probable reason for this failure is that the rate of cooling after immersion in the 
quenching fluid is not great enough to prevent changes occurring before the tissue becomes solid. 
The toe muscle shows far better preservation when the same procedure is used, and it seems likely 
that this is due to the greater rate of cooling at the quenching stage. Even in this smaller muscle 
there are regions where the preservation is not really good, though the ‘threadiness’ is never so 
serious as it is in the greater part of the sartorius, and only small and variable amounts of a toe 
muscle have the very clear delineation of the A and I substance such as is seen in Pl. 1, fig. 1. 
The structure of the greater part is quite good, and indeed if the very sharp and brilliant parts 
had not presented themselves, one would have assumed that it was normal. However, it does 
seem that in the greater part even of the toe muscle there has been some failure of ‘fixation’, 
at one or other of the stages in the preparation ; this would not appéar to be just a real and normal 
variation in structure between different parts of a muscle, because (especially in a sartorius) the 
different types of appearance may be visible in one and the same fibre, and they are seen equally 
in a fresh non-radioactive muscle as in one which has been treated for some days with the radio- 
active adenine. In the sartorius areas showing the sharp clear bands are very scarce, but when they 
occur it is always at one edge of a fibre, and the structure deteriorates towards the centre. Be- 
sides the ‘threadiness’, it is not only the sharpness of the boundary between A and I which is 
affected, for it is very noticeable that the birefringence of the A band is much higher in the good 
parts than in the bad, with grading between the two extremes. In general, the well preserved 
parts seem to be towards the surface of the muscle as a whole, which supports the idea that the 
rapidity of cooling is what matters; but there are exceptions to this, and in some instances the 
distribution of good and bad areas seems to bear no relationship to their distances from the 
centre. It is also difficult to explain why one muscle may be preserved so much better than another, 
though the procedures for preparing the two have been essentially the same. 

The question of preservation is important, for any degradation of visible structure may be 
associated with a disorganization of the normal arrangement of substances such as ATP. There is 
one incidental advantage in a really good structure, with very sharplydefined A and I boundaries, 
namely that the accuracy in relating the autoradiographic grains with the features of the muscle 
structure is thereby improved. 

The rate of cooling during the initial freezing of the living muscle is thought to be the factor of 
greatest importance in this matter of preservation; but it is not certain that this is so, for the 
drying temperature may be critical. The essential thing is to dry the tissue at a temperature below 
the freezing point of any eutectic mixture of substances present in the muscle. Although the 
temperature used here (— 45° C) is generally thought to be adequate for the drying of biologica | 
material, there are those who prefer to dry at — 55° C or even lower, at the expense of greatly 
increased drying time, and it has been stated that better preservation is thus achieved. 

Procedure with the m. ext. long. dig. 1V. The muscle was dissected out, and cotton tied to both 
tendons. It was attached to the holder shown in Text-fig. 4. The cotton was forced into the slits 
cut in the rubber blocks on the thin extension of the glass rod: the advantage of this form of 
support is that the length and tension of the muscle can be altered easily by pulling either piece 
of cotton through its slit. To obtain maximum resolution between the A and I bands it is best to 
make the autoradiographs on an extended muscle, but to prevent damage by prolonged high 
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tension the final extension was made only just before the muscle was frozen ; during the period of 
soaking in the *H-adenine it was allowed to be slack. 

The bore of the tube containing the soaking mixture was reduced to a minimum (5 mm dia- 
meter) for economy in the use of *H-adenine; a volume of 1-2 ml. was required. A trial ran with 
a non-radioactive mixture (mixture C, less the ribose, glucose and adenine) at 0° C showed that 
a muscle was in normal condition at 11 days, when the experiment was terminated. The oxygen 
requirement of the muscle is so small that it can be supplied without any special measures being 
taken, and regular re-equilibration of the solution with the oxygen in the upper part of the tube 
does not seem to be essential. During the last three of the eleven days the tube was not touched, 
but the muscle showed no ill effects. It is estimated that the oxygen dissolved in the solution at 
a partial pressure of one atmosphere is sufficient to supply the muscle for 26 days at 0° C, and 
this is based on the assumption that there is no convection, and that the muscle uses only the 
oxygen which is present at its own level in the tube. To be on 
the safe side, it was thought best to mix the fluid occasionally 
by inverting the tube. 

Before the muscle was put into the radioactive mixture it 
was soaked in oxygenated buffered Ringer's solution (inorganic 
constituents as in mixture B) for 3-4 hr at 0° C. It was then 
transferred to the radioactive solution, consisting of mixture B 
with “C-adenine replaced by 1-7 m-mole/l. (550 ye/ml.) *H- 
adenine (plus 0-95 m-mole/l. MgSO,) in the first experiment, 
and a slightly reduced activity (1-7 m-mole/l., 540 ywe/ml.) in 
the second. About 1-5 ml. of the mixture was put into the tube, 
leaving @ space at the top which was filled with oxygen. The 
tube was closed with a rubber bung and inverted a number of 
times to oxygenate the fluid; it was then put in ice and water —_ 
at 0°C and stored, with occasional mixing at about 12 hr + 


intervals. 

At the end of the soaking period (144 hr in the first experi- 1 cm 
ment, 50 br in the second), the muscle was removed from the 
radioactive mixture and placed in buffered Ringer’s solution to at 


remove the adenine. The excitability to electric pulses was 
tested and found to be present in both cases. The washing was 
done in oxygenated solution, changed regularly, at 0° C, for 
20 hr (lst expt.), and 17} hr (2nd expt.). From experience —— 
with the sartorius, this time of washing was judged to be more 
than long enough to remove the unchanged adenine. 


Text-fig. 4. Holder for toe muscle 


PART IV. Autoradiography in mixture containing tritiated 
adenine. Two pieces of rubber 
METHODS were pierced, and pressed over 


Freeze-drying and embedding the muscle. The radioactive the drawn-out extension of a 
muscle, washed free from adenine, was stretched to its final § glass rod. The pieces of rubber 


length. To prevent the shock of immersion in the quenching 
liquid from setting up propagated responses which might 
activate the unfrozen part, the muscle was then soaked in 
choline-substituted Ringer’s solution (mm: choline chloride, 
106; KCl, 5-0; CaCl,, 4-0) at 0°C, for 30 min (Ist expt.), 
15 min (2nd expt.). 

The muscle, on its holder, was plunged into Arcton 6 
(dichloro-difluoro-methane), cooled in a Pyrex boiling tube to 
a temperature just above its freezing point (— 160° C) with 


(arrows) were slit to hold the 
cotton attachments to the 
muscle tendons. The volume 
of fluid in the tube was 1-5 m!. 
(the level was actually higher 
than indicated). The over-a!! 
length of the] outer tube was 
21 cm, the internal diameter 
0-5 cm. 
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liquid oxygen. No special device was used to provide a high velocity of immersion. (There is room 
for improving the technique in this respect, which might result in better and more consistent 
preservation of the structure.). The frozen muscle was rapidly transferred to the glass drying 
tube, previously cooled in liquid oxygen, and the tube (length 22 om, bore 13 mm) was 
connected to the vacuum pump (Edwards, ‘Speedivac’, 2S. 20) through a line comprising 45 cm 
of 13 mm bore glass, and 12 cm of 20 mm bore copper tube at the pump end, with wide-bore 
taps where required. Several flexible metal couplings were incorporated to facilitate setting up, 
and for avoidance of rigidity in the system. The water was absorbed by a phosphorus pentoxide 
trap at the pump. The pressure in the system was measured by a McLeod gauge connected 
at an intermediate point in the vacuum line, at the junction between the glass and metal parts. 
When not in use the gauge was isolated by a tap, to prevent distillation of mercury into the 
drying chamber. 

The temperature of the drying tube was maintained at about — 45° C by a thermostatic mixture 
of solid—liquid diethyl oxalate, cooled with solid carbon dioxide. (The melting point of pure diethy] 
oxalate is —40° C, but after a time it. becomes contaminated with water, and its freezing point 
falls by a few degrees.) 

The progress of drying was followed by recording pressure on the gauge. The gauge used had a 
sensitivity of 25 mm Hg head at 10, Hg recorded pressure. The McLeod gauge is not applicable 
above a certain pressure in the case of a condensible vapour, and it is doubtful (Record & Taylor, 
1958) whether it gives a reliable reading in the presence of water vapour even at pressures when 
condensation in the gauge would not be expected to occur, that is, at pressures below about 5yu 
with a gauge of the sensitivity used here. At all events, it has proved a useful guide to the pro- 


- gress of the later stages of drying. 


When the recorded pressure had been for some hours at a steady value around 0-2, the lowest 
pressure of which the 2S. 20 pump is capable, drying was assumed to have progressed as far as it 
would at this temperature. At 21 hr (lst expt.) and 23 hr (2nd expt.) the drying tube was allowed 
to warm up slowly to room temperature, with the vacuum maintained. The warming-up took 
4 hr and 5 hr in the two experimente. 

Methacrylate monomer, 15% of the methyl to 85% of the n-butyl forms, was prepared 
from the hydroquinone-stabilized material by shaking with flake sodium hydroxide, followed 
by filtration. It was activated by adding 1% (lst expt.), 2% (2nd expt.) (w/v) water- 
stabilized 2, 4-dichlorobenzoyl peroxide (45% H,O), and was then filtered to remove water 


The drying tube was designed so as to make it possible to run the methacrylate monomer 
directly into the evacuated space, with the result that infiltration of the muscle took place with- 
out prior exposure to air and water vapour. This was done by fitting an extension tube between 
the drying tube and the main vacuum line, with a tap to isolate the drying tube. To introduce the 
methacrylate the tap was turned off, and the extension tube (disconnected from the vacuum line), 
was filled with about 40 ml. of the activated monomer, displacing the air. The tap to the drying 
tube was then quickly opened, admitting the monomer suddenly to the space around the muscle. 
Direct infiltration in this way, without the usual intermediate treatment with (aay) ethanol or 
toluene, appears to have been satisfactory, and there has been no sign of incomplete dehydration 
cr infiltration. 

The muscle was then removed from the drying tube, quickly cut off its support and dropped 
into monomer. It was cut into six pieces, about 2 mm long, and each piece was dropped into a 
gelatine capsule (No. 00) filled with activated monomer. The caps were put on, and the capsules 
heated for 2 hr at 80° C to polymerize the methacrylate. (With the higher concentration of acti- 
vator, as in the second experiment, it would have been better to polymerize at a lower temperature 
(10° C), for the very rapid polymerization resulted in slight shifting of the specimens within the 
capsules, and one or two of them came to rest in positions which were inconvenient for sectioning.) 
Bubble formation around the muscle was sometimes serious in earlier experiments, but the ten- 
dency for this trouble to occur appears to be reduced by using small pieces of material, together 
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with a high concentration of activator. The methacrylate in the upper part of the capsule occa- 
sionally failed to polymerize completely, and this trouble seems to be overcome by using more 


activator. 
Hardening the methacrylate by ionizing radiation 

When the muscle is prepared and embedded in the way just described, it is found that the cutting 
properties of the part of the block containing the muscle itself are not so good as those of 
the surrounding methacrylate. After the normal procedure of preparing a muscle for electron 
microscopy, the muscle itself cuts as easily as any other part of the block, and coherent sections 
can be made much thinner than would be possible with the blocks prepared in the way described 
here. The fragility of the part in which the muscle lies is troublesome when handling the dry 
sections off the microtome knife, for they have a tendency to break up and have to be manipu- 
lated with great care. There does not seem to be any question of the completeness of infiltration 
or dehydration, for when the sections are successfully handled and mounted they have a clear 
glistening appearance, with excellent optical properties. The impression one gets is that the 
embedding material within the muscle has not got the proper strength and hardness. It seemed 
possible this was due to partial failure of polymerization within the muscle, brought about per- 
haps by the presence of materials (e.g. enzymes, salts) which are normally destroyed or removed 
during fixation or dehydration for electron microscopy, but which, when retained, are capable of 
inhibiting the polymerization process. As the blocks ‘age’ (a process which does not seem to be 
greatly accelerated by raising the temper*t ure to, say, 50° C for 24 hr), the cutting properties 
improve, and the methacrylate both in and around the muscle gets a little harder; the sections 
are much easier to handle when the block has aged for several weeks, than when they are cut 
from one only recently polymerized. 

Ionizing radiation of sufficient intensity and penetrating power is well known to be effective 
in inducing the polymerization and cross-linking reactions in plastic materials. With the avail- 
ability of an 8 MeV linear accelerator at Hammersmith Hospital, it was possible to make tests to 
see whether irradiation could improve the cutting properties of the muscle, either in blocks pre- 
viously prepared with chemical activator, or by outright polymerization of the methacrylate. 
The penetration of 8 MeV electrons is such (about 2 cm of water) that the normal size of embedding 
capsule could be used. and if necessary the capsule could be enclosed in a thin-walled aluminium 
water-cooled container, to absorb both the heat of radiation and the heat of polymerization of the 
méthacrylate. 

Comprehensive tests have not been carried out, but the upshot of the few trials done so far 
can be summarized as follows: (1) About 30 Mrad is required for polymerization of the unactivated 
monomer, the dose needed being rather greater if the capsules are kept cool. The time of irradia- 
tion was about 60 min. (2) Polymerization of monomer with no muscle present does not result in 
serious bubble formation. (3) When a piece of muscle is present, bubbles are found in large 
numbers, apparently forming at the surface of the muscle. When the capsule is kept cool these 
bubbles are more numerous, perhaps because they cannot escape so readily through the more 
viscous fluid; in such blocks bubble formation is so serious that the muscle cannot be sectioned. 
(4) Sectioning a muscle embedded in uncooled capsules may be possible in spite of the bubbles, and 
the cutting properties seem to be distinctly better than in a block prepared by chemical activation, 
though the part containing the muscle is still fragile. (5) Methacrylate which has been fully 
polymerized in cooled capsules is very hard, and shatters when it is cut roughly with a razor 
blade. The methacrylate within and immediately around the muscle is neither abnormally hard 
nor brittle and cuts easily with a razor blade. If the capsule is not cooled during irradiation the 
polymer is not abnormally hard. (6) A block which has been previously hardened with peroxide 
is further hardened by irradiation with a 15 Mrad dose of electrons. (This has been tested 
only with blocks kept cool during irradiation.) The methacrylate is rendered brittle. As in 
(5) it is found that this brittle condition is not acquired by the methacrylate within and im- 
mediately surrounding the muscle,;though it now has the better sectioning properties of an 
aged’ block. 
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The conclusion is that electron bombardment, though capable of polymerizing the unactivated 
methacrylate monomer, appears to share with the chemical activator the inability to effect 
complete polymerization in the region of the muscle tissue. It is useful to know, however, that a 
‘young’ block (polymerized with peroxide) is given the properties of an ‘aged’ block by suitable 
irradiation, for the cutting properties are distinctly improved by this treatment. 

It is an interesting fact that the inhibitory influence of the muscle extends outside the piece of 
muscle itself. 'f « block, hardened by peroxide, is treated with 15 Mrad, the main mass of metha- 
crylate can no longer be trimmed easily with a razor blade, for it is too hard and brittle, but when 
the muscle is approached, a shell of thickness about 0-5 mm around the muscle is found to have a 
softer consistency resembling unirradiated polymer, and the final trimming presents no difficulty. 
This shows that the fragility of the sections is not due to a weakening of the structure by the 
presence of salts and other water-soluble material, which are generally removed before embedding a 
piece of tissue in methacrylate. It must be attributed to a genuine partial inhibition of the poly- 
merization process. 

Two of the six blocks in the first experiment were treated, while cooled, with 15 Mrad electron 
radiation in the linear accelerator. The first autoradiographs were made with sections cut from 
these blocks. Some months later the other blocks, now ‘aged’, were also used. 

Ultra-violet radiation. A few tests were made with a different type of ionizing radiation, namely 
ultra-violet light, using a Hanovia ‘Sunray’ lamp. The capsules containing monomer were placed 
at distances ranging from 3 to 9 cm from the discharge tube. At the shorter distance the monomer 
in No. 00 capsules (22 x 8 mm) starts to thicken at 30-60 min, but with capsules of this size 
hardening throughout is not achieved even after many hours of treatment. This failure is at- 
tributed to the high ultra-violet absorption of methacrylate. The U-V absorption was measured ; 
the result showed that only light of wave-lengths greater than 290 my would penetrate to the 
centre of the capsule. This means there is a great reduction in the effectiveness of the U-V light when 
the outer parts in the capsule have become thickened or solid, and mixing can no longer occur; the 
inner core fails to polymerize. Smaller capsules gave better results; in No. 5 capsules (10 x 4 mm) 
the methacrylate polymerized throughout after several hours exposure. The cutting properties 
of polymer made in this way appear normal. 

Embedding of muscle in a No. 5 capsule was tried, but it was not successful. As a consequence ~ 
of the non-uniform progress of the polymerization, the piece of muscle was found to wander 
around within the capsule, and finally ended up in a position where it could not be sectioned. The 
muscie should be fixed to a support to hold it still. 

Sectioning the muscle. Sections were cut on a Cambridge Instrument Co. rocking microtome 
fitted with a toothed wheel giving a minimum advancement of 0-1, per stroke. The block was 
pared at its base, and screwed into the head. It was then trimmed with a razor blade, and the 
face for cutting was brought down to a square of about 1 mm sides. A glass knife was used, made 
from a 1-3 mm microscope slide; it was fixed by picein wax in a metal holder. The knife was made 
with a 50° edge, and it was set to yive a clearance angle of about 15°. When making the diamond 
score marks on the glass before breaking off the knife, care was taken to avoid bringing the 
diamond point right up to the cutting tip. In this way a clean break was obtained along the 
whole of the cutting edge. Thin glass has the advantage of being very easily cut, compared with 
plate glass, and good cutting edges are procured every time. If it is damaged, the knife can be 
changed in a few minutes. There would be difficulty in fitting a floating-off bath on a knife made 
from glass of this thickness, so it is not of general application. In these experiments it was 
realized from the start that it would probably be impossible to float the sections on water, because 
the protection afforded by the methacrylate might not be sufficient to prevent leaching out of 
the soluble nucleotide. And so it proved. 

Mounting the sections. Sections of thickness 0-4-1-0y were used in the experiments to be de- 
scribed. The factors determining the maximum thickness for good autoradiographic resolution 
are discussed later, and though there is reason for thinking that sections of 1-0 or even more 
should not be too thick, it would be best, with the high radioactivity present, to use sections 
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approaching in thickness the optical resolution of the microscope, which also happens to be ap- 
proximately the grain size of the autoradiographic emulsion, i.e. 0-2-0-3p. Sections as thin as 
this proved to be too difficult to handle, and 0-4 was the least that could be managed. 

The sections were cut under a binocular microscope. As each was cut it was lifted off the edge 
of the knife with fine forceps, and put down again elsewhere on the flat top of the knife. A number 
of sections was thus cut in quick succession, to avoid the variations in thickness which would 
result from allowing too long an interval between cuts. The sections were then, as required, picked 
up again with the forceps and put down on the surface of water or mercury in a beaker. In the 
first experiments the effect of floating on water was investigated ; but as it proved that the water- 
soluble fraction of the nucleotide appeared thereby to be leached out of the section, this method 
of flattening the sections was not further used. The sections do not flatten readily on cold (20° C) 
water, but they rapidly spread out if the water is warmed to 50° C. 

Re-distilled mercury was used, and particles of dust on the surface were moved by wiping it 
with a strip of Sellotape. The sections do not flatten on cold mercury, though they can be made 
to do so by the vapour from a few drops of chloroform or toluene, applied to a piece of filter 
paper resting on the top of the beaker containing the mercury. The alternative method, which 
was preferred as it avoids the use of any solvents able to attack methacrylate and perhaps to 
lessen still further its waterproofing qualities, was to use mercury warmed to 60—70° C by standing 
the beaker on a hot-plate; sections put down on the surface flatten out to their full extent in about 
10 sec. 

The sections were picked up on slides coated with a thin layer of Saran F-120 resin. This resin 
was also used on top of the section for protection against water, and the initial coating is required 
for obtaining good adhesion of the protecting film when it is applied. The slides were first cleaned 
in bichr te-sulphuric acid mixture, and distilled water. When dry, they were immersed in a 
solution of the resin (6% w/v) in methyl ethyl ketone, and withdrawn at about 5 mm/sec on a 
hand-operated screw stand. The film formed at this speed of withdrawal is thicker than that used 
for protecting the section, and seems to adhere more strongly to the glass. In a moist atmosphere 
the thicker film may become opalescent on drying; this opalescence disappears when the slide is 
exposed to the ketone vapour. 

The section was picked up by placing one end of the coated slide in the mercury and pressing 
the slide down, at an angle of about 30° to the horizontal, over the section, until the latter was 
trapped in the angle between the glass and mercury. The slide was then pushed further below the 
surface, and the section thus made to adhere to the slide by the pressure of mercury. This adhesion 
was, however, found to be limited toa small number of poifits of contact, and to secure the section 
over its whole area the slide was heated to a temperature of 160° C for 10 min. At this temperature 
the methacrylate softens, and the section makes intimate contact over its entire area with the 
resin coating. The heat treatment had the additional advantage of improving the adhesion of the 
resin to the glass. The unheated film peeled off the slide on immersion in water; after heating it 
no longer did so. 

Protecting the section from water. To ensure the necessary contact of the autoradiographic 
emulsion with the section, the film must be wet when it is applied. There is no satisfactory way of 
avoiding the use of water. When the highest possible rpsolution is required, only the most inti- 
mate adhesion and contact of the emulsion will suffice, and water (being the only solvent capable 
of softening and wetting the gelatine in the emulsion) has inevitably to come in contact with the 
slide when the film is being applied, and while it is drying. It will be shown that the methacrylate 
in the section does not, itself, prevent the leaching out of the greater part of the tritium-label!e: 
material. Some additional protection has to be applied, as a very thin layer, over the section. 

A Dow coating material, known as Saran F-120 resin (obtainable from R. W. Greeff and Co. 
Ltd., London, E.C. 2) was used for this purpose. The manufacturers claim that it ‘represents th« 
closest approach to metal foil, from the point of view of moisture transmission, to be found amon 
the commercially available soluble synthetic resins’. The best solvent is methyl ethyl ketone. Th: 
resin was used at a concentration of about 4% (w/v). Thin films were prepared by coating gla-- 
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slides. The slides were first cleaned in bichromate-sulphuric acid mixture and distilled water. 


Each slide was dipped, to about three-quarters of its length, in the resin solution, and then with- 
drawn very slowly (0-6 mm/sec) on a motor-driven screw. The factors which determine the thick- 
ness of the coating are primarily the rate of evaporation of the solvent, and the viscosity of the 
solution. The thickness varies with temperature, the type of vessel used to hold the solution, and 
the rate of withdrawal of the slide from the solution. To ascertain the best conditions, the thick- 
ness of the film had to be measured. This was done by weighing a number of slides before and 
after coating (sp.gr. 1-6). When they are of the appropriate thickness, the films, when removed 
from the glass (see below), show bright interference colours. Having once established the re- 
lationship between thickness and colour by weighing, the colour alone can later be used as an 
indication of the thickness. By grading the thickness of a single film it was shown that the 
colours follow the series classified by Newton. Starting from the black film of infinitesimal 
thickness, they are: First order: black, blue (very faint), white, yellow (brown), red; Second 
orders violet, blue, green, yellow, red. Films showing first order yellow (brown) or red, or second 
order violet or blue were chosen as being applicable. Their thickness corresponds approximately 
to one-quarter of a wave-length of red light in the resin. The refractive index is given by the 
manufacturers as 1-58, so the thickness is about 0-11. A film of ‘his thickness has an almost 
negligible effect on the resolution of the autoradiograph, though it nas an appreciable effect on 
the grain yield, owing to the very weak penetrating power of the electrons emitted by tritium; 
reference to Text-fig. 5 shows that only about 65% of the tritium flux would be transmitted by 
the film. Thus the thickness should not be any greater. The attenuation of the radiation is some- 
what further increased by the coating of gelatine adhesive, which is applied on top of the resin 
film (see below). It was found by weighing that this adds a further layer equivalent to about 0-01 » 
of material of the same density as the resin. Not more than 40% of the radiation will be absorbed 
by the combined layer. 

Application of the protecting film to the section. A coated slide, held at about 30° to the hori- 
zontal, was slowly lowered into distilled water. When the edge of the slide first touched the surface 
it was held there for a few seconds, while the surface tension caused the film to free itself from the 
glass along this edge, and the immersion was then slowly continued until the entire film from one 
side of the slide was floating on the water. (It was found that the film, if there was any inclination 
to stick, came off the slide more easily if it was cut through near the edges before floating off.) 
The floating film showed bright interference colours, but the thickness was never uniform over 
the whole area, for slight irregularities in the rate of withdrawal from the resin solution always 
gave a series of bands of colour across its length. This non-uniformity did not matter, because 
when the film was applied to the slide requiring protection, a part with the appropriate colour 
could be selected to lie over the section itself. In any case, if the conditions are correct, the range 
of colours seen need not be outside those indicated above as being correct for the purpose; it is 
an advantage, however, to keep to one particular colour in any batch of slides, as the grain yield 
on the autoradiograph is so critically dependent on the thickness. 

The film was lifted from the water by immersing under it a piece of aluminium sheet, with a 
1-5 x 1-5 em square aperture cut in it at the lower end. This was at first held nearly horizontally, 
while the film was guided with forceps to lie centrally over the aperture, and when contact was 
nade with the aluminium it was slowly tilted up, and withdrawn from the water in a nearly 
vertical position, with the film covering the aperture. The film was dried in a gentle stream of 
warm air. It shrinks slightly on drying, and becomes taut and flat. The slide for protection was 
laid face down on the aluminium sheet, with a slip of paper at either end to prevent contact, and 
the position was adjusted so that the section, about 1 mm square, lay opposite a part of the film 
showing the appropriate colour. The slide was then fastened to the aluminium sheet with clips. 
This assembly was put in the oven at 160° C for 1}-2 min. It was then quickly removed, and the 
tip of @ small camel-hair ‘brush was touched down lightly over one edge of the film through the 
aperture. This made contact of the film with the resin coating on the slide, and the contact 
spread with great rapidity over the whole area of the aperture. The interference colours 
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disappeared. The time of heating, before touching down the film must not be too long, for the un- 
supported film cannot withstand exposure to the high temperature for much more than 2 min, 
and holes then appear in it; on the other hand, if the time in the oven is not long enough, contact 
of the film with the slide does not spread spontaneously on touching down; it has to be assisted with 
the brush, and there is a risk of damaging it. After contact was made heating was continued for a 
further 3 min. The film was then firmly attached to both the slide and the section, and the alu- 
minium sheet was separated from the slide by a twisting motion, leaving the protecting patch 
over the specimen. > 

Tc ensure good adhesion of the autoradiographic film, the slide, now protected from water, 
was dipped in a solution of the following composition: 0-5 g gelatine, 0-1 g chrome alum, 10 ml. 
ethanol, 100 ml. water. The ethanol was added to prevent bacterial growth. The slides were then 
dried for not less than 60 min in a current of warm air. 

Procedure for mounting water-floated sections. In the experiments to test whether the radio- 
active material was lost by the solvent action of water on unprotected sections, the sections were 
picked up off the microtome knife and put on the surface of water warmed to 50°C. Here they 
opeend ene Gotiened out in a few seconds. They were picked up on slides, previously cleaned with 
bich lphuric acid mixture and coated with the gelatine adhesive, and dried. 

Setting up with the autoradiographic film. Kodak A.R. 10 stripping film was used in a conven- 
tional way in all the oxperiments to be described. This has an emulsion with grain size about 
0-34, and seems to be entirely suitable for this work. The mounted slides with the emulsion in 
contact with the radioactive section and the gelatine backing outermost, were stored at 4°C. 


a batch of about 10-20 slides was prepared in each experiment. 


Autoradiographs were also made with Ilford Nuclear Track emulsion type G. 5, obtainable as 
a gel which is liquefied by warming and may be diluted with water. Slides dipped in the gel, diluted 
1 g:3 ml. water at 50° C, dry very rapidly in a current of cool air, leaving an extremely thin film 
(less than 0-5) of emulsion on the slide and section. It was thought possible that the short 
exposure to water, by rapid drying, might give autoradiographs showing clearer localization than 
is seen with A.R. 10, but the results proved to be essentially similar. No further details will be 
given, because the liquid emulsion appears to have no advantages over the A.R. 10 stripping 
film, and in fact is inferior to it in some ways. When spread as a very thin film it was always found 
to have a relatively high background grain count; secondly, the emulsion layer on a dipped 
slide is not uniformly spread. Examination under the microscope shows a tendency for the grains 
to be aggregated into dense areas, with gaps between them. Thirdly, in this particular application, 
the lack of a gelatine backing means that mountants which attack methacrylate or the resin 
cannot be used in preparing the processed slide for microscopy. 

Finer grain emulsions are available in the Ilford range. Type L. 4 has the finest grain available 
(0-15), and is sensitive to electrons at minimum ionization. Its use has been contemplated, but 
it seems very unlikely that it would provide any gain in resolving power. In the first place, an 
object 0-15, in size is too small to be seen clearly in the light microscope; but a more important 
consideration concerns the average grain yield per electron. Even with a grain size of 0-3 each 
tritium electron has, on the average, sufficient energy to activate more than one silver bromide 
grain, and the developed image therefore consists of a cluster, generally a pair of silver grains 
(Pl. 2). If the grain size were smaller, the result would presumably be a greater average grain 
yield per electron, and the clusters would have roughly the same over-all size as with the larger 
grain. So the position of the source could not be defined with any greater accuracy. (It is not 
impossible that in a very fine grain emulsion tritium electrons, though of very low energy, might 
form tracks which were sufficiently straight to allow extrapolation to the source, though with 
ambiguity as to direction; this would slightly improve the resolving power.) 

Processing the film ; mounting, viewing and photographing the autoradiograph. In each batch one 
slide was generally developed within an hour or two of setting up with the film, for the purpose 
of recording an initial background grain count, and for ensuring that this was in the normal range. 
The remaining slides were exposed for times up to 60 days. 
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The films were processed with one of a variety of different types and strengths of developer. 
The one most regularly used was a fine-grain developer made with A.R. chemicals to Kodak 
formula D. 76. It was diluted to standard strength. The film was developed for 5 min at 18° C. 
After rinsing, the film was fixed in Johnson's Fix-Sol, diluted 1 part:9 parts water. It was washed 
in distilled water for 15 min, and dried in a current of cool air. 

In the earlier experiments the autoradiographs were generally viewed with 
water as the mounting medium under the cover glass, and the edges of the 
glass were sealed to the slide with picein wax to prevent evaporation of water. 
Water does not provide good optical conditions, but it was used to test the 
location of the exposed silver grains in the emulsion layer, for the latter swells 
when wetted, and makes it possible to distinguish a tritium ‘signal’ from one 
produced by other radiation or chemical artifact (referred to as ‘ background’). 
The fully swollen emulsion layer is about 5 1 thick, which is many times greater 
than the depth of focus of the highest power immersion objective (about 
0-5), and background grains are found to be spread throughout the emulsion 
layer, as seen by focusing up and down. On the other hand, the tritium- 
produced electrons have such low energy and penetrating power (Text-fig. 5) 
that they are capable of activating silver bromide grains only in a stratum of 
emulsion a fraction of one micron thick above the section, and even in the 
water-swollen emulsion they remain within the depth of focus of the objective, 
and very nearly in the same plane of focus as the muscle. Apart from being 
characteristic of tritium, and hence a useful indication of the genuineness of 
the source, this differentiation may be useful in the case of a very low count, 
because the background can often be effectively eliminated by spreading it 
mostly outside the stratum covered by the depth of focus when viewing the 
tritium-activated grains. This method was used in the first experiments with 
water-leached material, when the count was in fact so low that it was com- 
parable with the background level. In the later experiments, with the pro- 
tected sections, the count was always so large that the background was hardly 
significant, and the better optical conditions resulting from the use of a mount- 
ant with a high refractive index outweighed the reduced interference by back- 
ground. It was found that specimens mounted in water are not ‘permanent’, 
for after 10 days or so the adhesion of the emulsion with the slide appears to 
fail and the grains come into focus several microns above the muscle. 


‘Euparal’ (Flatters & Garnett Ltd., Manchester) was normally used as mountant. It is not 
able to penetrate the gelatine backing of the film, and consequently does not attack the metha- 
crylate or the resin film. In this mountant the emulsion layer is not swollen and is hence much 
thinner than in water, about 2. This is greater than the depth of focus of the 1/12 in. (2 mm) 
immersion objective, and although a much larger fraction of the background will be seen when the 
tritium- produced grains are in focus, the background grains will not all be recorded in the analysis. 

The mounted slides were examined with a polarizing microscope, using an immersion 
condenser (N.A. 1.30), and an achromatic 1/12 in. oil-immersion objective (N.A. 1.30). A Kohler 
rotating compensator was fitted to the instrument. A tungsten filament 12 V lamp was used, 
run at 15 V to provide the high intensity of illumination required for photography. The condenser 
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aperture was used fully opened, to give the highest resolving power; this reduces the extinction 
factor betwenn crossed polaroids, compared with the value for a smaller condenser aperture; it 
therefore increases the background intensity, and reduces the contrast between anisotropic and 
isotropic material. However, even with the thinner sections there was sufficient contrast between 
the A and I bands. 

Many of the silver grains were found to be ‘ birefringent’, for they could be seen either bright or 
dark against the background, depending on the setting of the compensator. This is seen in PI. 2. 
and it will be noticed that, of a pair or cluster of grains produced by one electron, the different 
ndividuals may show up either bright or dark. 

Photomicrographs were made on Kodak P. 200 plates, using an Ilford 303 filter (blue-green). 
The grains were brought into focus on the plane of the camera with the aid of a hand lens. The 
plates were developed in Kodak D. 8 high-contrast developer. It was found that the grains were 
more clearly seen, and better defined, when the compensator was offset to a position giving rather 
low contrast between the bands. Photographs were made with this setting. The use of a high- 
contrast plate produced adequate definition in the final photograph, though the bands were not 
nearly so sharply outlined as they can be. Another reason for the rather hazy appearance of the 
bands in the photographs is that the best focus for the muscle is very slightly below that for the 
grains. It was found best to have the grains, rather than the muscle, in focus, for the positions of 
the boundaries of the A and I bands can be estimated with considerable accuracy even though 
they are not sharply seen. 

The sections were also examined with an interference microscope, and with a phase contrast 
microscope. The muscle bands, seen thus by refractive index differences, are scarcely visible in 
the thinner sections (0-4), and the polarizing microscope is far superior for this particular 
Purpose. 

Resolving power in autoradiography 

The photographic image produced by contact of a film with a section of 
tissue will never be quite as sharp as the true pattern of radioactive material 
in the section. The importance of this blurring of the outlines depends on the 
' dimensions of the features which are to be discriminated. The sarcomere of a 
muscle is so small that the problem of resolving between parts within it is a 
very difficult one when using any isotope other than tritium. 

In. general, the resolution which can be attained depends on the following 
factors: (1) the thickness of the specimen; (2) the thickness of the emulsion 
layer; (3) the spacing of the specimen from the emulsion; (4) the size of the 
silver bromide grains; (5) the nature of the radiation. 

Factor (3) need be of no practical importance, because application of the 
emulsion to the section can be carried out in such a way that the space left 
between the two is probably less than 0-1. Factor (4) is, in itself, of minor 
importance. The size of a single grain (0-3) is small compared with the major 
features of the sarcomere ;. but it has to be borne in mind that each electron 
may activate more than one grain. Low-energy electrons from tritium produce 
compact groups, generally of two grains, and this in effect increases the grair 
size, which is then no longer negligible. | 

Consider the position with carbon-14. Here, the factors (1) and (2) are of 
critical importance, for the penetrating power of the electrons is relativel, 
high (50% attenuation by 30, of water), and the section and emulsion thick- 
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nesses would have to be small compared with the parts of the sarcomere, say 
0-3. A muscle can be loaded with enough “C-adenine nucleotide to provide a 
section 0-34 thick with sufficient activity to give a just significant grain 
count with very long exposure, provided the average yield per electron is 
of the order of unity. But the yield would be much lower than this if the 
emulsion layer were only 0-3 thick. The yield per electron is only 1-8 grains 
in an emulsion layer which is 3p thick (8.R. Pelc, personal communication), 
and taking account of the greater spacing of grains at the beginning of an 
electron track it may be assumed that the yield in the first 0-3 of such a 
layer is less than one-tenth of the total. It is therefore estimated that the 
grain yield in a 0-3 layer of emulsion would only be of the order of 10%. It 
is not, in fact, practicable to use such thin layers, for their sensitivity to 
carbon-14 is far too low. 

It might be thought that very thick layers of nuclear track emulsion would — 
help to solve the problem, the idea being that individual tracks could be 
followed to their origin, and the site of the radioactivity thus be located. There 
would be high sensitivity, combined with high resolution. But it has to be 
remembered that the spacing of grains at the origin of a carbon-14 track is 
in the region of 2~3, and this ineans that the first grain of a track is likely to 
be displaced from its origin by a distance which is comparable with the width 
of an A or I band, and it is clear, therefore, that the origin could not be located 
with sufficient precision. 

Resolving power with tritium. Tritium solves the problems both of sensitivity 
and resolution. It has a relatively short half-life (12-5 yr, compared with 
5100 yr for carbon-14), and much higher activities may therefore be obtained ; 
secondly, the energy of the tritium radiation is so low that the electrons 
travel only very short distances before activating silver bromide grains. A 
very thin layer of emulsion would therefore give the full grain yield. In point 
of fact, a very thin layer of emulsion would not be needed for high resolution 
with this isotope. Fitzgerald, Eidinoff, Knoll & Simmel (1951) have pointed 
out that with an emulsion density of 3-4 and a grain diameter of 0-2-0-4 y, the 
radiation would be so rapidly absorbed that not more than one or two grains 
should be activated by most of the electrons, and owing to their close packing 
these grains would lie within a fraction of a micron of their points of origin. 
Thus, with a thick layer of emulsion, only a surface stratum a fraction of a 
micron thick will show any grain yield. So the result is equivalent to using an 
extremely thin film. 

Similar considerations apply in determining the maximum permissible 
thickness of the section. It will be seen later that this thickness is not a 
-ritieal factor in determining the resolution, for self-absorption automatically 
vrevents blurring due to ‘cross-fire’ from electrons originating in the deeper 
varts of the section. 
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Grain yield with tritium. The grain yield is not likely to be much more than 
unity in an emulsion of specific gravity 3-4, because most of the electrons are 
absorbed in a path length about equal to the diameter of one silver bromide 
grain, and a number of the electrons will spend their energy in the gelatine and 
fail to activate a grain at all. The actual value of the grain yield has not been 
measured directly, but data are available which enable an estimate to be 
made. Fitzgerald et al. (1951), using a standard of tritiated 11-keto-pregna- 
nolone, recorded an optical density of 0-3 on Kodak Nuclear Track Plate 
N.T.B@3 for an incident flux of 3-8 x 10® electrons/cm*. The optical density 
was found to be proportional to the total flux. N.T.B. 3 has a sensitivity com- 
parable with that of Kodak A.R. 10. From data given by Herz (1951) it is 
calculated that a density of 0-3 would be given by 5-4 x 10® grains/cm?*. This 
shows that the grain yield is in the region of 1-5. It is only a rough estimate. 
The autoradiographs themselves (Pl. 2) suggest that a fairly high proportion 
of electrons activate two or more grains. 

Theoretical construction of an autoradiographic image. It is possible to work 
out the form of distribution of the exposed grains in an emulsion applied to a 
muscle section for various hypothetical situations. The A and I bands are 
assumed to be of equal width, 1-5. In the first illustration, the I substance is 
assumed to be uniformly radioactive, and the A band to be not active. For 
the purpose of calculation the radioactive material is taken to be arranged at 
points, 0-25 apart, in a regular lattice throughout the radioactive part of the 
sarcomere. The emulsion grains are assumed to be in a layer, of negligible 
thickness, displaced by 0-25 u from the nearest layer of point sources. The grain 
distribution is worked out for six positions, evenly spaced along the long axis 
of the muscle, between the centre of I and the centre of A. Each of the point 
sources, within a certain range, contributes to the net effect at each of these 
positions. The effect of a particular point source, per unit area, at one of the 
reference positions is taken as being proportional to 1/r?, where r is the distance 
between the source and the reference position; and to cos 6 where @ is the 
angle which the line r makes with the normal to the surface; and to the trans- 
mission factor for tritium radiation travelling a distance r. For a metha- 
crylate-embedded specimen of density 1-2 the transmission factors, worked 
out from data of Fitzgerald et al. (1951) are given graphically in Text-fig. 5. 
At a distance of 1-5 the transmission factor is down to 0-05, and all effects 
beyond this range are neglected. The grain yield per electron is assumed to be 
independent of r for electrons which arrive at the emulsion, though in fact 
the average energy in the energy spectrum will decrease as the radiation 
passes through the section. The error in doing this is not thought to be 
serious. 

The numerical summation was done for two different section thicknesses. 
1-5 (216 point sources) and 0-5 (72 point sources). The result is shown in 
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Text-fig. 6. It is seen that there is only a slight loss of resolution, or gain of 
grain count, in the thicker section as compared with the thinner one. 

_The second illustration. shows the distribution which arises when the radio- 
active material lies sharply localized on a thin disk running transversely 
through the muscle fibré, For instance, it might be imagined that the nucleo- 
tide was confined to the Z-disk, or perhaps to the A-I interface, both being 


| Absorbing layer (x) 
Text-fig. 5. The relation between intensity of tritium radiation (transmission factor), and thick- 
. ess of absorbing layer, for a medium of density 1-2 (calculated from data of Fitzgerald 
et al. 1951). 


Boundary 
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Grain density —» 


Text-fig. 6, Calculated grain density for autoradiographs of longitudinal sections of muscle. 
Section thickness, 1-5 (upper curve), and 0-5 py (lower curve). The A and I bands are assumed 
to be of equal width (1-5), and the tritium-labelled material is assumed to be present in 
I (left), but not in A (right). The height of the curve represents the density of the exposed 
grains in the emulsion. The circle, diameter 0-2, represents the diameter of a fine silver grain. 
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considered as of negligible thickness. The pattern (Text-fig. 7) is derived as 
an intermediate stage in working out the previous illustration. It shows 
again what a small difference there is for sections of 0-5 and 1-5y. The fre- 
quency of grain production falls to half its peak value at a distance of 0°25 
from the disk, and all except a small fraction of the yield lies within 0-5y of 
the source. 


0 05 10 15 


Text-fig: 7. Calculated grain density for a thin disk source running transversely across the 
muscle fibre. Section thickness, 1-5y (upper curve), 0-5 {lower curve). The arrows at right 


and left indicate approximately the interval between A-I boundaries. If there were disk 


sources at these points, their combined effect at the centre of A or I (middle arrow), would be 
small compared with the peak concentration. The circle has the diameter of a 0-3, silver 
grain. 


In theory at least the resolving power with tritium is high enough to dis- 
criminate between features of the muscle which are considerably smaller than 
the main A and I bands. For instance, a radioactive Z line should give an 
image quite different from one produced by a uniformly active I band. It 
should be possible (to take another hypothetical situation) to get resolution 
of a pattern of isotope in the form of narrow disks at the A-—I boundaries 
(Text-fig. 7). 

To be realistic, however, the outcome cannot be so favourable as this. 
The main reason for saying this is that allowance has not been made for grain 
size or cluster size; if account were taken of this in the above synthesis, it 
would certainly show an appreciable blurring of the outlines in the case of a 
disk source. The grain clusters are about 0-5, in diameter, and since it cannot 


be known which part of the cluster received the first impact the centre must 


be pinpointed as the origin. The error so introduced can be as much as 0-25, 
though on the average it will be less than this. A second point concerns the 
proximity of the silver bromide grains with the muscle section during the 
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exposure. With the protected slides the resin film is 0-1 thick; but in addition 
to this there is the possibility, for various reasons, of further separation of the 
top surface of the muscle from the silver bromide grains. If the total separa- 
tion amounted to 0-2, this too would reduce the sharpness of the image. 
(It is reassuring to know that the separation could not be much greater than 
0-24, or a high proportion of the electrons would be absorbed in the gap, and 
the grain count would be conspicuously reduced.) 


The possibility of increasing resolution by oblique sectioning of the muscle. If the muscle were cut 
at an angle @ to the long axis, the striation spacing as viewed would increase in proportion to sec 0, 
and better resolution than with longitudinal sections might be possible. An oblique section would 
consist partly of ‘pure’ A and I substance, but between them there would be a zone consisting of 
a mixture of Aand I. Taking a muscle, supposed for simplicity to have equal A and I segments, 
and a section thickness S, the width of the ‘ pure’ bands would be A sec @ — S tan 6, and the mixed 
zone § tan 6. Unless the section thickness were small compared with A and I, the section would 
consist largely of mixed material, and to gain any advantage by oblique cutting the section thick- 
ness must be (-5y or less. For instance, with A=I=1-5y, and S=1-0y, or 0-5, the calculated 
values are as follows: 


A or I ‘pure’ A and I mixed 
S=1-0p S=0-5y S=1-0p S=0-5y 
(x) 
30° 1-16 1-44 0-57 0-29 
45° 1-12 1-62 10 0-5 
60° 1-27 2-13 1-73 0-87 
75° 2-07 3-93 3-73 1-87 
85° 5:8 11-5 11-4 5-7 


The main difficulty in working with oblique sections is due to the reduced birefringence which 
such sections possess. It can be shown that the birefringence falls off as sec* 0, and the brightness 
of birefringent material in the polarizing microscope as sec‘ #. Thus at 60° the contrast between 
the A and I material would be reduced to one-sixteenth of its normal value. This was tested. 
Sections were cut at 60°, and the bands proved to be practically invisible. At 45° they can still 
be seen, but the gain in width of A or I (‘pure’) at this angle is very small. 

Microscopy by phase difference would not be affected by oblique cutting; but the clarity of the 
bands is, in any case, very poor with a phase contrast or an interference microscope, so the method 
has not been exploited. 

The striations of muscle sometimes lie in a most irregular fashion in relation to the long axis. 
They may be bowed, so that parts of the bands lie at 60°, or at even greater angles, to the normal. 
When they are straight, it is not unusual to find the striations tilted at 30° to the normal. 
(Oblique sections, particularly for larger angles off the axis, have 4 bizarre appearance.) It is 
worth noting that the birefringence depends on the angle of cutting referred to the axis of the 
muscle, and not on the angle which the striations may happen to make with the axis at the point 
in question. Thus at 45° cutting angle, for instance, when the striations can still be seen reasonably 
well in polarized light, the line of cutting may chance on occasions to run practically parallel to 
the striations, and comparatively wide ‘bands’ of unmixed A or I substance could in such cir- 


cumstances perhaps be selected for autoradiography. 


RESULTS 
The first autoradiographs were made with the toe muscle which had been 
soaked for 144 hr in *H-adenine at a concentration of 550 uc/ml. This muscle 


is too small to permit a direct tritium assay by the methods available, and the 
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expected nucleotide activity had to be estimated by comparison with the 
values for two sartorii treated under similar conditions (Part III). If it is 
assumed that the acquired activity is proportional to the time of treatment 
with the *H-adenine, and also to the isotope concentration in the soaking 
mixture, the expected activity of this toe muscle would be 108uc/g on the 
basis of the first sartorius experiment, and 36-0 yc/g on the basis of the second. 
The earlier work with carbon-14 suggests that the higher value is greater than 
the average, while the lower value is on the small side. An activity between 
these two extremes might therefore be expected. 

- The grain count on an autoradiograph can be calculated. To do this the 
following assumptions are made: (1) Each electron striking the photographic 
emulsion yields one grain, or cluster. (2) Self-absorption within a 1-0 section 
accounts for a loss of 66%, and 34% of the radiation reaches the surface and 
enters the emulsion. (This figure is calculated from the data shown in Text- 
fig. 5.) (3) One half of the electrons are emitted towards the emulsion. Thus 
it is assumed that 17% of all disintegrations occurring in a 1-0 section will 
yield grains. | 

It works out that the grain yield, per 100,? of active area, should be 1-96- 
5-88 grains/day, for the toe muscle in question. The total background grain 
count with the A.R. 10 film has generally been found to be less than 1 grain/ 
100 yu”, and it has been pointed out that the effective background is less than 
this. When the tritium yield was low, as with the unprotected sections, water 
was waite mountant for the microscopical examination, and the fraction of 
background grains in focus with the tritium-produced grains was very small 
compared with the total background, and was assumed to be negligible. With 
protected sections a non-aqueous mountant was used, and a larger fraction of 
the background was therefore recorded, but with the much larger tritium 
yield from protected sections the background was again assumed to be of 
negligible proportions. 

Sections not protected from water. The first observations showed a very marked 
discrepancy between the actual and the expected grain yields. 1-0, sections 
were used; these had been floated on water and were not protected with a 
waterproof film. At 3 days exposure it was not even certain, by casual observa- 
tion, whether there had been any tritium yield at all. By the 13th day the 
tritium yield was clearly present, recognized by the characteristics mentioned 
earlier. Photographs were taken and 676 grains were counted in four fairly 


uniform areas, chosen as being representative of the whole. The results 
were: 


Area Total grains Grains/100,* 
1 123 3-2 
2 138 4-8 
3 143 5-0 
4 272 4-2 
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Even after allowance for random variations the distribution over the whole 
section showed considerable non-uniformity. Over one part which was 
damaged so severely that it had lost its striated appearance, the density was 
as high as 15 grains/100 u? (250 grains counted). Where there was more or less 
normal appearance the variation was from 1 to 8 grains/100u?. Over the 
greater part of the section the density was in the region of 3-5 grains/100 p?. 

If the yield had been up to the full value expected at 13 days, it should have 
amounted to 25-76 grains/100*. There were several possible explanations for 
this tenfold discrepancy. The most likely one seemed to be that the greater 
part of the nucleotide had been lost by the solvent action of water allowed to 
come in contact with the section both during floating of the freshly cut sec- 
tions, and later while applying the autoradiographic film. In the fresh muscle 
it was found (Part II, p. 140) that 90-95% of the nucleotide activity was re- 
moved by the action of distilled water. The discrepancy was therefore of about 
the right magnitude to be explained this way. 

Sections protected from water. The use of protected slides proved an im- 
mediate solution of the problem. A slide, with a section from the same piece 
of muscle as that used previously, showed at 20 hr exposure a grain yield 
fully up to the expected value. At 95 hr the yield was counted, and for a 
representative area a count of 8-1 grains /100 .? (239 grains) was recorded. The 
attenuation factor due to the protecting film is taken as 0-65 (this is the value 
quoted earlier), so the corrected count is 12-5 grains/100,*. The maximum 
yield based, as above, on direct assays with the sartorius should be in the range 
7-75-23-3 grains/100 2. It seemed certain, therefore, that the yield was now 
of the right order of magnitude. 

The distribution over different parts of the muscle was again found to be 
very variable, and in the same section areas were observed with counts which 
were much higher, and also slightly (though significantly) lower than the 
typical value given, which obtained for the greater part of the muscle. It was 
found, without exception, in the large number of autoradiographs which have 
been examined, that the density of grains over any one fibre is substantially 
uniform, probably within the limits of a Poisson distribution. The variations 
referred to are as between different fibres in the section. Abnormally high 
densities have been seen more often than low ones. The markedly low den- 
sities, referred to elsewhere, and an example of which is seen in Pi. 1, fig. 2, 
are not found regularly in every section which is examined. No fibre possessing 
this low concentration of isotope was seen, for instance, in the protected slide 
referred to above, on which the count of 8:1 grains/100u? was recorded. It 
will be noted later that these fibres with peculiarly low activity often have a 
rather better-defined structure than the others, and also show a more pro- 
nounced localization of radioactive material. 
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Localization in relation to the bands 

Sections protected against water. Many autoradiographs have been examined, 
and the majority have the general appearance of the example shown in 
Pl. 2. It has been mentioned that the grain yield varies as between different 
fibres in the muscle. The distribution appears to be much the same in all 
fibres where the yield is relatively high. On a number of occasions, however, 
the count over certain fibres has been found to be very much lower than it 
was over the rest of the specimen. An example of this is shown in PI. 1, fig. 2; 
the fibre was in the same section as the fibres of Pl. 2, so the difference cannot 
be due to variations in treatment and preparation. These fibres have a rather 
different appearance from those with high activity, for they always show a 
somewhat less conspicuous division into myofibrils. Occasionally fibres are 
seen in which the structure is very strikingly different, with sharper outlines to 
the bands and even more faintly marked division into fibrils (Pl. 1, fig. 1). 
Such fibres always show very weak radioactivity, sometimes so low that the 
grain count is hardly above the background level. 

In fibres with this characteristically low activity, the grains almost always 
seem to have a definite localization on the region of the A-I boundary. This 
could be expressed numerically by sampling a number of areas, and a dis- 
tribution could be plotted; but it seems a little premiature to put too much 
emphasis on any results with these fibres, because they represent only a 
- small minority in the muscle, and it is not impossible that they are abnormal! 
in some way. 

Most of the fibres give a pattern similar to that seen in P]. 2. Casual observa- 
tion shows there is no definite or complete localization on any part of the 
sarcomere. An analysis was therefore carried out on two fibres, parts of which 
are shown in Pl. 2, and the positions of about 2000 grains or clusters were 
measured with reference to the centres of the I bands. This was done with the 
aid of a graduated template, marked with ‘bands’ which could be accurately 
centred on the muscle bands in the photograph. A number of templates was 
needed, each marked for a different sarcomere length, for this varied slightly 
in different parts of the fibres. An ink spot was put on the centre of each grain, 
or cluster, and its position was estimated to one part in 25 of the distance from 
the centre of an I band to the centre of the adjacent A band. These sub- 
divisions are much smaller than the minimum size of object which can be 
resolved, and the measurements were therefore grouped into seven blocks 
between the centres of I and A. The result is shown in Text-fig. 8. The sarco- 
mere length in this muscle was 2-54 (A=1-3y, I[=1-2,), so each main block 
represents an interval of 0-2. The standard deviation from the true mean in 
each block cannot be taken as the square root of the number of grains re- 
presented, for the variations between the blocks are partly attributable to the 
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observer's bias in judging the positions of the grains; it was shown that 
alternative methods of grouping the measurements produced different 
degrees of variation at both ends of the histogram. The significant thing is that, 
in whatever manner the readings were grouped, the high density in the centre 
of the histogram remained, and there can be little doubt that this character- 
istic of the distribution is real, and truly represents a higher concentration of 
isotope in the region of the A~I boundary. Reference to Text-fig. 7 shows that 
distribution of isotope on a narrow disk through the muscle would produce a 
pattern of developed grains which falls to 50%, of its peak at 0-25, on either 
side of the disk. The grain size is such that, in practice, the peak would be 


— 


261 | 251 | 416 | 470 | 179 | 278 


Text-fig. 8. Distribution of grains over a water-protected section. A total of 1958 grains is re- 
presented. These are grouped in seven blocks between the centre of the I band (arrow at 


left), and the centre of A (arrow at right); sarcomere length, 2-54 (A=1-3p, [=1-2y). 
Muscle of second experiment; section 0-5 thick; exposure, 11 days. 


smoothed out to give a broader pattern. It is estimated that about 75% of 
the recorded points would be expected to lie within 0-3 on either side of the 
source. The distribution in Text-fig. 8 is rather narrower than would be 
expected from a source of this kind centred on the A-I boundary and super- 
imposed on a uniform background. The alternative would be to postulate 
sources at, say, the centre of I, the centre of A and at the A-I boundary; at 
any rate, something of the sort could be made to explain the situation. The 
data are not sufficient to test such hypotheses. 

If it is assumed that the distribution represents a disk source superimposed 
on a uniform background, the fraction of material which is thus localized may 
be estimated. The average concentration in blocks 1, 2, 5, 6, 7 is 239 per 
block; the average in 3 and 4 is 443. There is therefore an excess of 204 grains 
per block inthe centre, 408 in all, in a total of 1958. Thus 20-8% of the total 
‘sotope present may be taken as being localized on a narrow disk in the region 
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of the A~I boundary. This is not rigidly proved, but the present results are not 
inconsistent with such a conclusion. 

Sections not protected against water. One possible explanation for the dis- 
persion of some 80 % of the nucleotide in the protected sections is that at some 
stage water has found entry in sufficient quantity to dissolve and allow dis- 
persion of the water-soluble material. The 20°, which is localized might be 
found to be of the insoluble variety. The fraction of the total which is insoluble 
has been estimated as only 5-10% of the total, so the fraction localized is 
somewhat greater than would be expected on such an hypothesis. The point 
can be tested by determining the distribution of nucleotide in an unprotected 
section, for in such a section it has been shown that probably all the water- 
soluble material has been lost. 


117 | 143 | 191 | 182 | 133 | 129 |44 


Text-fig. 9. Distribution of grains over a section not protected from water (soluble nucleotide 
removed). A total of 939 grains is represented. The centre of the I band and the centre of 
A are indicated by the arrows at left and right. Sarcomere length 3-0 (A = iSp, i= 1-7); 


muscle of first experiment; 0-8 section; exposure 57 days. 


Observations of a number of such autoradiographs showed little sign of any 
more definite localization than with the protected sections. A numerical 
analysis, similar to that described above, was therefore done. The result is 
shown in Text-fig. 9. The positions of 939 grains were measured; this is only 
about half the number comprised in the analysis for the protected section, but 
it is sufficient to settle the point in question. The general form is similar to that 
for the protected section, with a definite maximum in the third and fourth 
blocks, centred approximately on the A~-I boundary. The excess in the centre 
is computed on the same basis as before, and it appears that 13% of the total 
may be taken as localized on a narrow disk between A and I. Thus, it seems 
certain that the localization in water-extracted muscle is not markedly greater 
than in the protected section; the reverse may be true though the difference 
would have to be established by further examples. 


It follows, then, that of the 5-10°% which is insoluble, only a small pro- — 
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portion is highly localized. Thus, of the 20% found to be localized in the pro- 
tected sections practically all must consist of water-soluble nucleotide. This 
may be taken as strong evidence that dispersion by water has not in fact 
occurred, for it 1s hard to see why, if as much as 20% of the nucleotide is 
immune from attack by water, the remainder should not have been so too. 


DISCUSSION 
Many of the points at issue have been discussed at earlier stages in the paper, 
and it remains only to sum up the position as it stands at present. Reference 
will also be made to the question of the relevance of sarcoplasmic granules, 
and the location of phosphate in muscle. 

There is evidence of some degree of localization of nucleotide at the A—I 
boundary in resting muscle. Caspersson & Thorell (1942) suggested that the 
adenine nucleotide of resting muscle was spread throughout the I band. The 
results described here do not conform with this view. It is premature to 
speculate too far on the meaning of aggregation at the A-I boundary, though 
this region of muscle can obviously be imagined as being one of the places 
where ATP might be ‘poised’ for action in the tension-producing part of the 
sarcomere which is immediately adjacent to it. With further experience and 
improvements in technique results may be obtained on which more reliance 
may be placed than at present, and physiological variations on the same theme 
may be investigated. For instance, a muscle could be depolarized before 
fixation; it could be fatigued by prolonged contracture, then frozen; it could 
be frozen during a brief tetanus. It would be interesting to know whether there 
is any change in the distribution of the nucleotide under these and other 
conditions. 

The work must be regarded, in the main, as an exercise in technique. In 
many respects the methods are not properly established as having accomplished 
their intended purpose. The chief objection which can be raised is in regard to 
the efficacy of the procedures up to the stage of embedding the muscle. Post- 
dissection dispersion of nucleotide may have come about for the following 
reasons: (1) muscle damage before fixation by freezing—this might be due to 
. degenerative changes through prolonged isolation, or to radiation; (2) in- 
sufficiently rapid fixation by freezing; (3) drying the muscle at too high a 
temperature; or (4) penetration of water at a subsequent stage. 

The variations in technique which may assist in throwing further light on 
the matter might include the following: (1) An alternative method could be 
used for rendering the muscle radioactive, which does not involve the pro- 
longed isolation of the muscle, and the high dosage of radiation. This might be 
done by injecting the living animal with radioactive adenine, a procedure not 
possible. when using carbon-14 though probably feasible with tritium. Alter- 
natively, some other more rapidly incorporated precursor of the nucleotide . 
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might be found. (2) Some nucleotide fixative might be used to render it 
insoluble in water. Precipitation as the barium or lanthanum salt, at an 
appropriate stage, might thus prevent attack and dispersion by water. 

Other possible extensions of the investigation might include experiments 
with insect muscle, which was primarily the subject of Caspersson & Thorell’s 
work, though their conclusions and those of Engstrém appeared to hold good 
also for vertebrate striated muscle. The sarcomere in certain insect muscles is 
very large, and autoradiographic resolution between different parts of the 
sarcomere would then present no problem. In the work described in this 
paper the technique is pressed perhaps too far towards the limit beyond which 
it is not reliable. 

There are other relevant points on which further information is needed. It 
has been seen that the activity in certain labelled fibres is much higher than 
in others; there is some indication that where the activity is low, there is 
much more definite localization of the isotope (at the A-I boundary), and the 
appearance of such fibres suggests that their structure is in a rather better 
state of preservation than it is in the fibres possessing the highest activity. 
It is not impossible that this is a false interpretation of what is observed. In 
the toe muscle there are slow and fast types of fibre, and the difference in 
appearance, coupled with the high and low activities, may be the result of 
observing fibres with essentially different physiological roles and mechanisms. 
The sartorius has no slow fibres, and it would be interesting to make auto- 
radiographs of cross-sections of both types of muscle to compare the dis- 
tributions of activities. The variations in structural appearance were discussed 
earlier (Part IIT, p. 149), and it is hard to believe that the degree of preserva- 
tion has not got something to do with the differences which are observed, and 
those within one fibre could not be explained in any other way. All the same. 
there may be a normal variation as well. 

The form of analysis applied to the autoradiographs has so far been only 
of the most elementary kind, and it may be wondered whether some more 
elaborate analysis is called for. The basis for analysis, so far, has consisted 
in treating the fibre as a whole, and in averaging results over a wide area of 
field. It is not impossible that were the distribution analysed in terms of 
smaller units of area interesting results might emerge. One gets the impression, 
by casual observation, that correlations exist between the sitings of neigh- 
bouring grains at a higher frequency than would be expected by pure chance. 
It is easy to be misled by the non-random appearance of what is truly a 
random distribution, and casual impression may well be false. But it might be 
worth while testing the randomness of the distribution in certain defined units 
of area. The unit which presents itself for this purpose is, of course, the sarco- 
mere itself. It would be interesting if it turned out that correlations within 
individual sarcomeres were much more pronounced than over the muscle as 
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a whole; this could only happen if different forms of localization were found in 
the different sarcomeres, and it would suggest the occurrence of a sort of 
all-or-none movement of nucleotide within the sarcomere, possibly in response 
to ‘impulses’ arriving periodically from the muscle surface to each of these 
functional units. 

Sarcoplasmic granules. The present methods are able only to determine the 
position of a labelled substance to the nearest 0-5, or thereabouts. Nothing 
can be said in regard to such questions as whether the nucleotide lies within 
myofibrils, between them, or within morphologically definable aggregates or 
granules. In frog’s muscle both myofibrils and granules are below the limit 
of resolution of an autoradiograph. The close connexion of the sarcoplasmic 
granules with the processes of oxidative phosphorylation in muscle, together 
with the established fact that these granules have been shown in some muscles 
to have a definite arrangement alongside either the A or the I substance of 
the myofibrils, between which they lie, should at least be referred to, even 
though it may not have much relevance to the present results for frog’s muscle. 
Reviews by Harman (1956) and Perry (1956) give a summary of the known 
facts about the sarcoplasmic granules of muscle. 

Frog’s muscle is quite devoid of sarcoplasmic granules of a size that is 
visible in the light microscope. Under the electron microscope granules are 
found to be present (A. F. Huxley, personal communication). They are not 
plentiful, but when they occur are seen as closely packed rows lying between 
the myofibrils. They show no indication of a bias towards siting in one part 
of the sarcomere rather than another. 

Observations on a histochemical ‘artifact’. In connexion with the above 
considerations of sarcoplasmic inclusions, it is worth recording the appearance 
of an artifact which presented itself in the course of an attempt to fix the 
nucleotide in a muscle section by precipitation with barium, for the purpose 
of rendering it insoluble and therefore incapable of dispersion by water. The 
sections were prepared in the usual way by floating on mercury, but no pro- 
tecting film was applied. Instead, the water used for floating the autoradio- 
graphic film had dissolved in it barium chloride at a concentration of 410 mm, 
with pH adjusted to 8-4. The unprotected section was therefore in contact 
with a strong solution of barium, during its immersion in the floating bath, 
and also during the time when the film was drying. Before processing the 
film the barium chloride was removed by thorough washing in distilled water; 
it was then developed and fixed in the normal way. On examination under the 
microscope a striking artifact was seen (Pl. 3). It appeared after minimum 
exposure time, it did not increase with exposure time, and could be reproduced 
with non-radioactive muscle. It did not appear unless the film was developed. 
Only small parts of the section showed the artifact, and even over a single 
fibre it was not uniform. Other sections had practically no signs of it. The 
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true radioactive yield was apparently absent, having been presumably sup- 
pressed by the presence of the barium. 

When it occurs strongly, the artifact is clearly associated with the I band 
(Pl. 3, fig. 1), and photographs in unpolarized light (Pl. 3, fig. 2) show a more 
or less regular arrangement in rows, with individual spots spaced about 0-4. 
apart, which corresponds to the separation distance of the myofibrils, There 
is a pair of rows in each I band; they are well within the band, being only 
0-9 apart whereas the total width of the band is 1-3 ». The spots are dark 
brown, and they probably consist of silver stain on some repeated structure in 
the muscle. 

This artifact has not been investigated further, and as yet it can only be 
regarded as a histochemical curiosity. There are two reasons for referring to it: 
in the first place, the silver stain probably occurs at the site of phosphate 
accumulations, for silver phosphate is extremely insoluble and would be 
reduced to a visible silver deposit by a photographic developer; secondly, 
the silver stain is located, in effect, in narrow bands close to (though not pre- 
cisely on) the A-I boundary. There is thus a possible connexion with the 
problem of nucleotide localization. In frog’s muscle nearly one-third of the 
total phosphorus is in the form of adenine nucleotide, so information on the 
siting of unspecified phosphate would be likely to provide some es to the 
whereabouts of the ATP. 


SUMMARY 


1. The work described is concerned with the localization by autoradio- 
graphy of adenosine phosphates (nucleotide) in frog’s striated muscle. 

2. The nucleotide was labelled by soaking an isolated muscle in a solution 
containing radioactive adenine. The muscle was soaked for several days at 
0° C, and acquired radioactivity which was not removed by washing out the 
unchanged adenine. It was shown that the material so labelled was largely 
acid-soluble nucleotide, with the chromatographic characteristics of ATP. 

3. The experiments to establish the method of labelling the nucleotide 
were done with carbon-14 as the tracer. This isotope is not capable of providing 
sufficient resolving power for autoradiographic location in the muscle sarco- 
mere, and tritium was therefore used for this purpose. 

4. The muscle containing *H-adenine nucleotide was freeze-dried, embedded 
in methacrylate, and sections were cut. To prevent the leaching out of the 
water-soluble nucleotide during the application of the wet autoradiographic 
film, the section was protected with a thin film of waterproof resin. 

5. The autoradiographs dqgget show clear-cut evidence of localization of 
nucleotide in relation to the le striations, though there appears to be a 


significantly higher concentration in the region of the boundary between the 
A.and I bands than there is elsewhere. 
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6. Possible reasons for failure to show localization of a high proportion of 
the nucleotide, if it is normally localized, are discussed. 
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EXPLANATION OF PLATES 


1 

Fig. 1. 1-0, section of muscle of second experiment, showing abnormally clear-cut muscle 
structure, and inconspicuous division into myofibrils. Mounted in glycerol. Birefringence 
compensated. The appearance of negative birefringence in the centre of the I band is prob- 
ably due to the higher refractive index of the Z line. 

Fig. 2. Autoradiograph of protected section. Second experiment. 0-54 section; exposure 11 days. 
This fibre had abnormally low activity, and the grains show definite localization in the region 
of the A-I boundary. Birefringence not compensated. 


PLaTE 2 
Autoradiograph of protected section. Second experiment; 0-5 section; exposure 1] days. These 
fibres had normal activity, and the appearance is typical of that found over the majority 
of fibres. Birefringence not compensated. 


3 


Fig. 1. An artifact which appeaved as the result of an attempt to fix the nucleotide with barium 
chloride. The silver from the autoradiographic emulsion has stained bodies in the I band. 
Birefringence not compensated. 

Fig. 2. Another part of the muscle showing the silver staining of the I bodies. In this example 

the light was not polarized, so the muscle striations are not visible, but the regular double- 

band appearance of the I bodies is more clearly seen. 
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PHARMACOLOGICAL INVESTIGATIONS UPON INHIBITION 
OF SPINAL MOTONEURONES 


By D. R. CURTIS 


From the Department of Physiology, the Australian 
National University, Canberra 


(Recewed 5 August 1958) 


The synaptic inhibitory actions exerted upon motoneurones by impulses of 
many different types, entering the spinal cord in both the dorsal and ventral 
roots of lumbar segments, are specifically depressed by both strychnine and 
tetanus toxin (Bradley, Easton & Eccles, 1953; Eccles, Fatt & Koketsu, 1954; 
Brooks, Curtis & Eccles, 1957 ; Kuno, 1957). All these forms of inhibition are as- 
sociated with the same ionic mechanism, namely, an increase in the per- 
meability of the subsynaptic membrane to small anions and probably cations 
(Coombs, Eccles & Fatt, 1955a). As a consequence it can be postulated that, 
at all these central inhibitory synapses, transmission is mediated by the 
same ific transmitter substance (cf. Eccles, 1957). 

It appears, however, that the reed action exerted on spinal moto- 
neurones from higher centres can still suppress the rhythmic convulsant 
activity of the strychninized spinal cord (Bremer, 1953). It has thus seemed 
probable that this descending inhibitory influence is mediated by a different 
inhibitory substance. Further, although the convulsant actions of strychnine 
and of tetanus toxin can be explained by their specific depression of synaptic 
inhibition, no such action accompanies the convulsant action of some other 
substances (Fatt, 1954; Eccles, 1957). 

These problems provide the basis of the present investigations, which 
comprise a further study of the action of strychnine and tetanus toxin on 
synaptic inhibition and also a study of some other drugs, including curare 
and certain convulsants. 


METHODS 


= q 

All experiments were performed upon cats, either spinal or decerebrate. In spinal preparations, 
lizhtly anaesthetized with pentobarbital sodium, the spinal cord was transected in the lower | 
thoracic region. Decerebration was performed by transcollicular section after ligation of both 
common earotid arteries and temporary occlusion of the vertebral arteries while the cerebral 
hemispheres were being removed. For this procedure intravenous pentothal sodium was used 
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and records were not taken until 2-3 hr later. The anterior lobe of the cerebellum was exposed 

by removal of the tentorium cerebelli and partial removal of the brain stem. Most decerebrate 

preparations were respired artificially to ensure minimum respiratory movement during intra- 
cellular recording. 


After lumbar laminectomy the ventral roots of the fifth, sixth and seventh lumbar (L5, 6, 7) 
and first sacral (S1) segments were cut and mounted on platinum electrodes for recording pur- 
poses. The spinal cord was covered with paraffin oil contained in the elevated skin flaps. The 
nerves to the following muscles, posterior biceps and semitendinosus (henceforth BST), gastro- 
cnemius-soleus (G), plantaris (P) and flexor digitorum longus (FDL) and the sural nerve (8) were 
mounted on stimulating electrodes in another pool of warmed paraffin, and the quadriceps nerve 
(Q) was stimulated through a buried electrode. Another paraffin pool contained the ipsilateral 
external radial nerve, also mounted for stimulation. The whole animal was suspended in a rigid 
frame, being firmly supported at the pelvis, lumbar and thoracic vertebrae and skull. The cere- 
bellum was covered with a shallow pool of paraffin, care being taken that this area was not ele- 
vated above the level of the thoracic vertebrae. 

Maximal monosynaptic reflexes were evoked by stimulation of the appropriate peripheral nerves 
at either 1, 2, or 3-5 sec intervals and were recorded monophasically from the ventral roots. When 
recording these responses superimposition of about 10—25 traces was used so that the mean response 
could be directly measured from the photographs. All afferent volleys were recorded by small 
platinum ball electrodes resting on the dorsal surface of the cord near the dorsal root entry and 
the thresholds of the various afferent nerves were checked from time to time. 

The cerebellum was stimulated by a pair of 1 mm diameter silver ball electrodes 2-3 mm apart. 
The stimuli were rectangular pulses of intensity 0-3-10 V, duration 1 msec, frequency 100—- 
200/sec and were applied through a radio frequency isolation unit. The position of the electrodes 
was adjusted until a train of 5-10 impulses gave the desired effect, namely, the inhibition of a 
specific monosynaptic reflex evoked in the lungkar region. 

Glass micro-electrodes filled with either 0-6m-K,SO, or 3m-KCl solution were used to record 
intracellular and extracellular responses from the spinal cord. They were held in a micromanipu- 
lator (Eccles, Fatt, Landgren & Winsbury, 1954) attached to the animal frame. 

Strychnine hydrochloride, chloride (DTC), p-methyl- 
B-ethylglutarimide (NP 13) and t t l (cardiazol) were dissolved in Nat 
solution, 0-9% (w/v) and edministered intravenously. Crystalline tetanus tuxin L61 (Brooks 
et al. 1957) in solution was injected directly into the spiual cord through glass micropipettes of 
10-20 external diameter at the tip. The injection device permitted the ejection of volumes as 
small as 10-* ml. and depended upon the displacement by a micrometer of a thin Perspex diaphragm 
in an otherwise rigidly sealed system. By employing the micropipette as a micro-electrode it was 
possible to determine the relation of its tip to known areas within the spinal cord. 


RESULTS 
Strychnine and the inhibition of motoneurones 
It is convenient to classify as ‘local inhibition’ all those types of inhibition 
that are evoked by impulses reaching motoneurones in afferent or efferent 
fibres belonging to the same or to the immediately adjacent spinal segments. 


In contrast ‘descending inhibition’ is exerted by impulses descending from,,, 


higher spinal, brain stem, cerebellar and cerebral sources. 


The effect of strychnine upon ‘local inhibition’ 
The inhibition of reflexes. When administered intravenously, strychnine 
causes a rapid depression of all forms of ‘local inhibition’ of motoneurones. The 
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effect is usually maximal within | min and slowly reversible within 4-8 hr, 
depending upon the dose used. Fig. 1A illustrates the effect of strychnine 
hydrochloride 0-05 mg/kg upon the ‘direct’ inhibition exerted by a group la 
Q volley on a monosynaptic reflex produced by a BST volley. Ten minutes 
after strychnine had been injected the maximal inhibition that could be 
evoked was 35%, this being 42% of the control value of 85°. Subsequently 
there was a slow recovery, the inhibition attaining 95%, of its original value 
at 3 hr. This depression of ‘direct’ inhibition has been present in every animal 
tested with strychnine, both anaesthetized and decerebrate. It was not ac- 
companied by any alteration in either the inhibitory or testing volley, and 
intracellular recording from motoneurones reveals that it is due to changes in 
the size of the inhibitory post-synaptic potential (IPSP), the monosynaptically 
evoked excitatory post-synaptic potential (EPSP) being unchanged (Coombs, 
Eccles & Fatt 19555). 

Impulses in the Group I muscle afferent fibres arising from tendon organs 
inhibit motoneurones of synergistic muscles and also of other muscles of that 
limb (Laporte & Lloyd, 1952; Eccles, Eccles & Lundberg, 1957). It is possible 
to distinguish this Group Ib component of the Group I volley both from im- 
pulses in the Group Ia (Bradley & Eccles, 1953; Laporte & Bessou, 1957) 
and in the Group II afferent fibres. In several experiments maximal mono- 
synaptic reflexes of gastrocnemius motoneurones were inhibited by volleys in 
the group Ib fibres of the quadriceps nerve. Figure 1 B plots an inhibitory 
curve produced in this fashion before (filled circles) and 5 min after (open 
circles) the intravenous injection of 0-075 mg/kg of strychnine hydrochloride. 
Inhibition was virtually abolished but had recovered in 4 hr. 

Monosynaptic reflexes of extensor motoneurones are inhibited by impulses 
in Group II and III afferent fibres from muscles of the same limb (Lloyd, 
1946; Brock, Eccles & Rall, 1951; Laporte & Lloyd, 1952). The volley evoked 
by stimulating most of the medullated fibres of the quadriceps nerve, using 
a stimulus of ten times threshold, inhibited the maximal monosynaptic reflex 
of gastrocnemius, the time course of the inhibition being shown in Fig. 1C 
(filled circles). Seven minutes after strychnine hydrochlorode 0-075 mg/kg 
had been administered this inhibition was reduced from 90 to 20% (0). 
Similarly, extensor reflexes are usually inhibited by impulses in cutaneous 
fibres (Renshaw, 1942; Hagbarth, 1952). The effect of volleys in the sural 
nerve was tested upon the maximal monosynpatic reflexes of quadriceps, 
gastrocnemius, plantaris and flexor longus digitorum muscles. The curves of 
Fig. 1 D show the effect of such volleys in sural fibres, stimulated at five times 
the threshold intensity, upon the monosynaptic responses of gastrocnemius 
motoneurones in the $1 segment. The lower control curve (filled circles) shows 
that the reflex was inhibited to 5% of its control size (i.e. 95% inhibition). 


This was converted to approximately 55%, inhibition when records were taken 
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30 min after strychnine hydrochloride 0-05 mg/kg had been administered. 
In this series the impulses in sural fibres had no excitatory effect upon the 
gastrocnemius motoneurones. However, inhibition was often preceded by 
excitation. The curves of Fig. 1 #, from another experiment, show the effect 
of volleys in sural fibres upon gastrocnemius reflexes before and after strych- 
nine. In the lower control curve early excitation of about 30% passed over to 
a depression which would be compounded both of true inhibition and refrac- 
toriness of the previously activated motoneurones. Twelve minutes after the 
intravenous injection of strychnine hydrochloride 0-075 mg/kg this latter 
inhibition was approximately 50°, whereas the excitation had increased 2-3 
times. The interpretation of such observations is complicated by the increased 
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Fig. 1.4. Time course of the alteration ptoduced by strychnine on the direct inhibition 
of a BST monosynaptic reflex by a Group la Q volley and recorded from the $1 ventral 
root. Ordinates; %[c, inhibition as a percentage of the control inhibition (85%) before the 
administration of strychnine. Abscissae; time in minutes after the intravenous injection 
of strychnine hydrochloride 0-05 mg/kg. 

B. Inhibitory curve for the effect of a volley in the Group Ib afferent fibres of Q upon the 
monosynaptic reflex of G recorded from the §1 ventral root. Ordinates; percentage inhibi- 
tion (% I) equalling 100% minus the inhibited reflex size as a percentage of the control reflex 
(@) before and (©) 5 min after strychnine hydrochloride 0-075 mg/kg. Abscissae; intervals 
between the inhibitory and excitatory volleys as recorded by an electrode on the dorsal 
surface of the S1 segment. Every point is the mean of 10-20 observations. 

C. Inhibitory curves before (@) and after (©) strychnine hydrochloride 0-075 mg/kg. 
Volleys in Groups I, II and III afferent fibres of Q were used to inhibit the monosynaptic 

D, E. Inhibitory curves from two experiments in which volleys in the sural nerve in- 
hibited the G reflex recorded from the 81 ventral root. Abscissae and ordinates as for B, 
% HE being increased reflex size as a percentage of the control; (@) before and (©) after 
0-05 mg/kg (D) and 0-075 mg/kg (£) strychnine hydrochloride (see text). 
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and prolonged excitatory action set up in polysynaptic pathways by the con- 
ditioning volley. This would have the effect of stimulating more motoneurones 
and rendering them refractory for the later arriving testing volley. Never- 
theless, the effect of strychnine in diminishing the inhibitory action can still 
be observed. 

Owing to the time taken in the experimental determination of any one 
inhibitory curve it was technically impossible to record fully the effect of 
any one dose of strychnine on several different types of inhibition. However, 
the time course of alteration of these various inhibitions resembled closely 
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Fig. 2. Results from three experiments plotting the time course of the alteration produced by 
strychnine in three different ‘local’ inhibitions. Ordinates; inhibition az a percentage of that 
occurring before strychnine. Abscissae; time in hours after the administration of strych- 
nine. A, direct inhibition of BST monosynaptic reflexes by Q Ia volleys; O, inhibition of 
G reflexes by volleys in Group Ib Q fibres; (J, inhibition of G reflexes by impulses all 
8 afferent fibres. Each vertical arrow denotes administration of strychnine hydrochloride _ 
0-05 mg/kg. 


that found for ‘direct’ inhibition, as is illustrated in Fig. 2, where the results 
of three experiments have been plotted. These graphs also illustrate that a 
dose of strychnine does not produce the same percentage alteration in the — 
various inhibitions, the degree of alteration presumably depending upon the 
complexity of the synaptic pathway over which the inhibiting volley must 
travel and on the effectiveness of inhibitory action. 

Strychnine and potentials recorded from the spinal cord. In order to locate 
the site of action of strychnine it was of interest to determine its effect upon 
potentials recorded extracellularly, both at the surface and within the spinal 
cord. The observations of Eccles, Eccles & Fatt (1956) show that strychnine 
does not modify the synaptic activation of Renshaw cells. Hence, its de- 


pressant effect upon the inhibition of motoneurones following the _— of 
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these cells must be due to the prevention either of the release or of the post- 
synaptic action of the inhibitory transmitter. 

When considering the ‘direct’ inhibition of BST motoneurones by impulses 
in the Group Ia fibres of Q, the activation of the relaying interneurone within 
the intermediate nucleus of the L7 and 81 segments is associated with the 
recording of a small ‘positive notch’ from the dorsal aspect of these segments 
(Eccles, Fatt & Landgren, 1956). Further, within the biceps-semitendinosus 
nucleus of these segments the arrival of relayed quadriceps impulses is often 
recorded as a small di- or triphasic spike potential superimposed upon a 
positive potential of longer duration (cf. Eccles, Fatt & Landgren, 1956). It 
has been postulated that the slower positive potential of the motor nucleus 
arises because this nucleus becomes a source for current flowing to two 
different areas (Coombs, Curtis & Landgren, 1956). Synaptic activation of the 
inhibitory interneurone would cause current to flow, in the external circuit, 
into the intermediate nucleus from sources provided specially by their axonal 
terminals in the BST motor nucleus. Further, the hyperpolarization of the 
BST motoneurones during the IPSP would cause this motor nucleus to be a 
source for current flowing in the external circuit to the motor axons. The 
potential produced by this latter current flow would be small in comparison 
with that recorded near orthodromically activated motoneurones, since 
intracellularly recorded ‘direct’ IPSP’s are usually much smaller than mono- 
synaptically evoked EPSP’s. 

Figure 3 A shows potentials recorded from the dorsal surface of the L7 seg- 
ment of the spinal cord (upper trace) and those recorded from within a biceps- 
semitendinosus motoneurone (lower trace). The initial Q volley is seen to be 
followed in the surface record by the ‘positive notch’ (marked by an arrow), 
_ and in the lower trace an IPSP is recorded as a hyperpolarization (shown as an 
upward deflexion) beginning 1-6 msec after the arrival of the quadriceps 
volley at the surface of the spinal cord. The later BST volley monosynaptically 
fires the cell, with a latency, from the arrival of the volley, of about 0-6 msec. 
The lower records B, C and D of Fig. 3 were taken at higher gain, those of B 
being recorded immediately after A, but with the electrode tip moved to a 
just extracellular position. The small spike potential arising from the pre- 
synaptic terminals is marked by an upward arrow and arises from a more 
prolonged positive potential. This spike can also be seen just preceding the 
IPSP at the lower amplification of Fig. 34 (marked by upward arrow). The 
later BST volley evoked an irregular ‘focal synaptic potential’ due to EPSP’s 
and spike potentials of adjacent motoneurones. One minute after the intra- 
venous injection of strychnine hydrochloride 0-2 mg/kg the decay of the posi- 
tive potential following the Q volley was accelerated (Fig. 30) as may be 
seen in the superimposed traces of Fig. 3K. The ‘ positive notch’ of the surface 
recorded was unchanged, as was the small presynaptic spike recorded extra- 
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cellularly. Finally, the motoneurone was again impaled, the resting potential 
being 10 mV less than when the records of Fig. 3A were taken. It would be 
expected that any IPSP previously recorded as in Fig. 3.4 would be slightly 
larger at this lower resting potential (Coombs et al. 1955 a). However, the dif- 
ference between the potentials evoked by the Q volley in C and D shows only a 
small trace of hyperpolarization that presumably can be regarded as an IPSP 
(cf. dotted line, Fig. 3K). Twelve hours before these records were taken, a 
quadriceps Ia volley directly inhibited the BST reflex by 85% and this 


Q BST BST 
[1 mV 
? F 
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Fig. 3. Potentials recorded from the dorsal surface of the L7 segment of the spinal cord (upper re- 
cords of A, B, C and D; records EF and /) and from within the ventral horn of this segment 
(lower records of A, B, C and D; records F—H; the series A-D and K from one experiment, 
E-J from another). In both experiments volleys in Q and BST afferents were used, the ‘ posi- 
tive notch’ in the surface records being marked with an arrow. 

A-D. Fixed amplification for upper records (above A), the amplification of the lower 
records of B, C, and D (below D) being double that of A. A and D, intracellular responses of 
a BST motoneurone, the spike potential being truncated; B and C, extracellular responses 
from the BST motoneurones; in all records negativity is recorded upwards. Between the 
records B and C strychnine hydrochloride 0-2 mg/kg administered intravenously. KX, 
tracing of the Q responses of B (full line), C (broken line) and the difference between the Q 
responses of C and D (dotted line). 

E-J. E and I at one amplification (above Z), F-H at another (above F). F-H were re- 
corded at the one place within the BST motonucleus, F before, @ and H after 0-025 and 
0-15 mg/kg strychnine hydrochloride respectively. J, tracing of the Q responses of F (full 
line) and G (broken line). 
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inhibition was reduced to 42%, by strychnine hydrochloride 0-05 mg/kg. It 
is therefore reasonable that at the time of the records of Fig. 3, strychnine 
hydrochloride 0-2 mg/kg would as shown almost abolish the IPSP, producing 
the change from A to D. 

Under the influence of strychnine the relaying interneurone of this ‘direct’ 
inhibitory pathway functioned normally, as is illustrated by the unchanged 
‘positive notch’ and initial portion of the positivity in the extracellular record. 
However, the intracellularly recorded IPSP was greatly reduced and extra- 
cellularly there was a slight reduction in the recorded positivity. This shorten- 
ing of the time course of the externally recorded positivity has been confirmed 
in six experiments, another of which is illustrated in Fig. 3E-J. Again both 
Q and BST volleys were used and a well defined ‘positive notch’ follows the 
Q volley (Fig. 3£), arrow. Fig. 3F is similar to Fig. 3B, and Fig. 3G and 
H were taken after 0-05 mg and a further 0-15 mg/kg of strychnine hydro- 
chloride, respectively. The focal synaptic potential generated by the BST volley 
was virtually unaltered, but again the time course of the positive potential 
following the Q volley was shortened, the records of Fig. 3 F and G being com- 
pared in J. As in Fig. 3 D, strychnine did not alter the ‘ positive notch’ (Fig. 3 /), 
hence it can be presumed that the relaying interneurone was unaffected. 

D Sing’ 

Forelimb. Lloyd & McIntyre (1948) showed that volleys evoked in the fibres 
of the superficial radial nerve may inhibit the ipsilateral monosynaptic reflex 
response of FDL motoneurones. In suitable decerebrate unanaesthetized 
preparations this inhibition was obtained uncomplicated by any initial excita- 
tion. Such an inhibitory curve is shown in Fig. 4.4, where a single volley in the 
low-threshold fibres of the superficial radial nerve was used to condition the 
maximal monosynaptic reflex evoked by stimulating the FDL nerve and 
recorded from the L7 ventral root. This inhibition of approximately 20°, 
(@) was abolished by strychnine hydrochloride 0-2 mg/kg intravenously 
administered (CQ). This same dose reduced the ‘direct’ inhibition of BST 
motoneurones by impulses in Q fibres from 95 to 30% (Fig. 4B). Similar 
results were observed in other preparations, alterations produced by strych- 
nine in the inhibition of FDL due to impulses from the external radial nerve 
being paralleled by changes in the inhibition of the same reflex by impulses 
in skin and muscle afferent fibres of the leg. 

Cerebellum. Monosynaptic reflexes of lumbar motoneurones can be’ di- 
minished in size or even abolished by stimulating suitable areas of the anterior 
lobe of the cerebellum (Denny-Brown, Eccles & Liddell, 1928; Moruzzi, 1950). 
The stimulus and its site of application were altered until either a specific 
reflex was depressed or an inhibitory potential recorded from an impaled moto- 
neurone. When investigating the effects of administered drugs the stimulus 
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parameters were suitably adjusted and then maintained constant throughout 
the control and test series. For any one stimulus it was possible to depress 
some reflexes and to increase others. Usually, but not always, the effects were 
reciprocal when extensor and flexor reflexes were compared (cf. Moruzzi, 1950). 

Intracellular records revealed that stimulation of the anterior lobe of the 
cerebellum could produce both depolarization and hyperpolarization of the 
motoneuronal membrane (Fig. 5.4, F, H, J). These polarizations were usually 
of long latency and irregular time course. The hyperpolarizations were reduced 
in size when the membrane was hyperpolarized by passing current through 
it (cf. Coombs e¢ al. 1955a). Further, as is shown in Fig. 5C, the cerebellar 
hyperpolarizations inhibited the generation of a spike by synaptic activation 
of a motoneurone, the control record being shown in Fig. 5D. In this figure 
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Fig. 4. Inhibitory curves from the same experiment before (@), after DTC 4 mg/kg (+) and 
after strychnine hydrochloride 0-2 mg/kg (O). A, inhibition of FDL monosynaptic reflex by 
volleys in the homolateral external radial nerve; B. direct inhibition of BST reflexes by Q Ia 
volleys. All reflexes were recorded from the L7 ventral root. Ordinates as for Fig. 1B. 
Abscissae; A, time in msec between the stimulation of the external radial nerve and the 
arrival of the FDL volley at the dorsal surface of L7 segment; B, as for Fig. 1B. 


Vig. 5. Potentials recorded from motoneurones by means of electrodes containing 0-6 m-K,S0,. 
A-D, Gastrocnemius cell in L7 segment; resting potential 65 mV. A, potentials evoked by a 
cerebellar stimulus, 3 pulses at frequency of 200/sec, latency of response 10 msec. B, D, 
EPSP and spike potential evoked respectively by a single and by two orthodromic impulses 
4 msec apart. The spike potential of D is truncated. C, the effect of cerebellar stimulation upon 
the orthodromic spike (see text); time, 10 msec, E-J, plantaris cell, resting potential 56 mV 
falling to 48 mV in J and J. E, G, I potential evoked by a Q volley. F, H, J, potential 
evoked by a cerebellar stimulus, 18 pulses at frequency of 200/sec; latency of response, 
12 msec from first stimulus. #, F before, G, H, 1 min and J, J 2 min after strychnine hydro- 
chloride 0-06 mg/kg. Time, 10 msec; voltage scale, 2 mV for all records, with an upward 
deflexion representing positivity. 
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a spike was generated by the summed EPSP’s produced by two orthodromic 
volleys 4 msec apart. Consequently, it can be assumed that the depressant 
effects of cerebellar stimulation are due to the occurrence of inhibitory post- 
synaptic potentials. The prolonged and irregular time course of these IPSP’s 
gan be attributed to the temporal dispersion of the impulses descending from 
the cerebellum via complex polysynaptic pathways. The complexity of the 
effect produced by the volley descending to spinal motoneurones usually 
renders impossible attempts to determine the effect of strychnine upon the 
resultant inhibition. It was possible to select a stimulus that produced no reflex 
discharge in the lumbar ventral roots. The administration of strychnine, 
however, invariably resulted in the production of areflex by the same stimulus. 
Although it seems likely that strychnine has no action on cerebellar neurones 
(Miller, 1926; Purpura & Grundfest, 1957), alterations in the descending volley 
could result from the effects of the drug upon inhibitory synapses along poly- 
synaptic pathways within the spinal cord. Accordingly, a descending volley 
which was predominantly inhibitory upon a testing monosynaptic reflex 
might be converted by strychnine to one mainly excitatory in nature. Conse- 
quently, the depression resulting from the discharge of motoneurones could 
mask any depression due to inhibitory action. 

In several motoneurones it was possible to record IPSP’s evoked by volleys 
from both local and descending sources. With an electrode in the plantaris 
cell of Fig. 5HZ-J, an IPSP was recorded following the stimulation of the quad- 
riceps nerve (Fig. 5 #, G, I) and also in response to repetitive stimulation of the 
cerebellum (Fig. 5/, H, J). This latter IPSP was complex, but initially, after 
a latency of 12 msec, there was a hyperpolarization of 2mV. After the ad- 
ministration of strychnine salicylate 0-06 mg/kg the quadriceps IPSP was 
reduced to 54% of its original value within 60 sec (@) and to 43% in 2 min (/). 
Correspondingly, the initial IPSP produced from the cerebellum was reduced 
to 57% (H) and 35% (J) of its control value. Meanwhile the resting potential 
of the cell fell from 56 mV to 48 mV, but as this decrease in resting potential 
might be expected to increase the size of IPSP’s (cf. Coombs e al. 1955a) 
there is good reason for concluding that both IPSP’s were diminished by 
strychnine. 

Some of the difficulties inherent in the use of strychnine were overcome by 
using tetanus toxin. Since the injection of tetanus toxin locally into the spinal 
cord depressed and abolished ‘locally’ evoked inhibitions of motoneurones 
(Brooks et al. 1957), it is possible to use this agent to influence spinal inhibitions 
without the complication of altering the descending volley, as might happen 
with intravenously administered strychnine. However, even when locally 
applied near motoneurones, tetanus toxin is slow in action, often taking 
3-6 hr to involve the motoneurones of one segment. By injecting the toxin 
caudal to the segment wherein its action was to be studied and by recording 
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reflexes and their inhibition from this and the immediately rostral segment, 
it was possible to use the inhibitions of the latter segment in order to control 
any changes occurring in the excitability of the ccrebellum during this long 
period of experimentation. Any variation in the descending volley was sig- 
nalled by alterations in reflex inhibition in the ‘control’ segment, whereas 
L7 
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Fig. 6. Inhibitory curves from one experiment before (@) and after (©) the injection of tetanus toxin 
into the ventral horn of the 8 1-S 2 junction. Monosynaptic reflexes were recorded from both 
L7 (A-—D) and 81 (£—H) ventral roots and the following inhibitions were determined : direct 
inhibition of BST by Q Ia volleys (A, Z); inhibition of G by volleys in all Q afferents (C, @); 
inhibition of BST (B, F) and G (D, H) by stimulation of the anterior lobe of the cerebellum. 
As far as possible the stimulation parameters were the same during both series. Ordinates; 
100% minus the inhibited reflex size as a percentage of the control value. Abscissae; A, C, 
E and G, interval between the arrival of the conditioning and testing volleys at the surface of 
the junction of the L7-S1 segments; B, D, F and H, interval between the arrival of the test- 
ing volley at this point and the first cerebellar stimulus. 20 pulses were used at frequency of 
200/sec. 


the progress of the action of the toxin was shown by changes in ‘local’ in- 
hibitions of the affected segment. 

Figure 6 gives inhibitory curves from one experiment where tetanus toxin 
was injected into the ventral horn of the S1-S2 junction. The maximal 
monosynaptic reflexes of BST motoneurones recorded from L7 and 81 
ventral roots were inhibited both by volleys in Q Ia afferent fibres (A, £) 
and from the cerebellum (B, F). This same cerebellar stimulus was used to 
inhibit gastrocnemius motoneurones (D, H), which could also be inhibited by 
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impulses in the Groups I, II and III afferent fibres of quadriceps (C, @). The 
two series of records (@, ©) were taken 5 hr apart, the controls (@) being 
recorded 40 min before the application of the toxin. 

Comparison of Fig. 6A and £ shows that the ‘local inhibition’ of BST 
motoneurones by Q afferent impulses was abolished in the 81 segment (£), 
but diminished from 94 to 75% in L7 (A). When Q volleys inhibited G 
motoneurones (Fig. 6C, G@) there was no alteration in L7 segment and a 
reduction from 98 to 28°%, in 81. Hence, it may be concluded that the injected 
tetanus toxin was very effective in depressing the inhibition of BST and G 
motoneurones of the Sl segment and also had some action on the BST 
neurones of L7. Although before and after the injection of tetanus toxin equal 
inhibitions resulted from conditioning of G cells in the L7 segment by stimula- 
tion of the cerebellum (Fig. 6D), there was a change in the time courses of the 
inhibitions presumably on account of some change in the descending volley. 
However, in the 81 segment the inhibition of G motoneurones was reduced to 
64%, of the control value (H). Similarly in L7, although the inhibition of 
BST motoneurones was reduced to 64 % of the control (B). the same inhibition 
in 81 was ced to 45%, of the control value (/’). Thus there was a greater 
alteration in the inhibition of G and BST motoneurones of the 8 1 segment than 
those of b7, in spite of the presumed alteration in the descending volley in- 
dicated by D. At the time of both sets of records no reflex could be recorded 
from either the L7 or $1 ventral roots in response to cerebellar stimulation. 


Similar results were obtained in one other experiment. It might be considered — 


that the complete abolition of ‘direct’ inhibition (Fig. 62) in 81 is incom- 
patible with the 45% reduction observed when the BST reflex was conditioned 
by a cerebellar volley. However, it has previously been noted that not all 
inhibitions are affected to the same degree by either strychnine (Fig. 2) or 
tetanus toxin (Brooks ef al. 1957). As it is impossible to determine the 
direction of spread of the injected toxin, it is possible that differences in 
the involvement of these two types of inhibiting (Fig. 6 £, F) are due to 
the different anatomical pathways involved. Despite this discrepancy it is 
clear that tetanus toxin depressed the inhibitions evoked by stimulating the 
cerebellum. 


The action of DTC on the inhibition of motoneurones 

It has been inferred, on the basis of experiments performed upon neurones 
in the cerebral cortex (Purpura & Grundfest, 1957) that tubocurarine de- 
presses the inhibition of motoneurones within the spinal cord. That this is 
not so has been demonstrated in both unanaesthetized decerebrate and anaes- 
thetized preparations. The graphs of Fig. 4 B illustrate the inhibition produced 
by Q Ia impulses on a BST monosynaptic reflex recorded in a decerebrate 
animal from the L7 ventral root (@). Twenty minutes after DTC 4 mg/ke 
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_ pulses in the Group Ia afferent fibres of the quadriceps nerve (Fig. 7A). The 
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had been administered intravenously there was no alteration in this inhibition 
(+), whereas 5 min after the injection of strychnine hydrochloride 0-2 mg/kg 
the inhibition was reduced from 96 to 30% (0). Similarly, from the same 
preparation, Fig. 4A illustrates that DTC had no effect upon the inhibition 
of FDL motoneurones by impulses from the ipsilateral external radial 
nerve. These findings have been confirmed in experiments where up to 
6 ml/kg of DTC has been administered and observations made over a period 
of 4 hr. 


Action of ‘convulsants’ upon spinal inhibition i 

It has been reported by Fatt (1954) that whilst thebaine and brucein resemble 
strychnine in their effect upon direct inhibition, such ‘convulsant’ drugs as 
picrotoxin and metrazol have no appreciable depressant action on the inhibitory 
synaptic mechanisms in the spinal cord. When administered intravenously 
in a dose of 8 mg/kg, B-methyl-8-ethylglutarimide (NP 13) (cf. Shulman, Shaw, 
Cass & Whyte, 1955) produced convulsions confined to the forelimbs, head, 
neck and trunk in the lightly anaesthetized spinal cat. This dose was without 
effect upon the ‘direct’ inhibition of BST motoneurones produced by im- 
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Fig. 7. Inhibition curves from two experiments in which a volley in Q Ia fibres inhibited a BST 
monosynaptic reflex recorded from the L7 ventral root. A, before (+) and after 2 mg (@) 
and 8 mg/kg (O) NP 13; B, before (+) and after cardiazol 7 mg/kg (@) and after strychnine 
salicylate 0-02 mg/kg (©); Ordinates as for Fig. 6, abscissae as for Fig. 6 A. 
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maximal monosynaptic reflex of BST was unaltered and there was no increase 
in the polysynaptic reflex evoked by stimulating the sural nerve and recorded 
from the L7 or 81 ventral roots. Further, the inhibition of the gastrocnemius 
monosynaptic reflex by a volley in all the quadriceps medullated fibres was 
unaltered. 

Similarly, Fig. 7B shows that a dose of 7 mg/kg of cardiazol, which again 
produced convulsions in another experiment, was without effect upon the 
direct inhibition of a BST monosynaptic reflex, whereas 0-02 mg/kg strych- 
nine salicylate reduced the inhibition from 80 to 40%. 
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DISCUSSION 


When used in reference to motoneurones, the term ‘inhibition’ should be 
restricted to the hyperpolarization of the membrane consequent upon the 
release of a specific inhibitory substance from presynaptic terminals upon the 
cell. The term should specifically exclude the depression of motoneurone 
activity following discharge of the cell, care being taken, however, to dis- 
tinguish between the after-hyperpolarization and the inhibition due to activa- 
tion of Renshaw cells (Eccles, Fatt & Koketsu, 1954). Within this definition 
pharmacological investigations of the inhibition of motoneurones fail to reveal 
significant differences between inhibitions produced locally and from the arm 
and cerebellum. 

Strychnine, when injected intravenously, reversibly depresses or abolishes 
all types of ‘local’ inhibition; the ‘direct’ inhibition of motoneurones. by 
impulses in the Group I afferent fibres of antagonistic muscles; the inhibition 
of motoneurones by impulses in the Group 1b afferent fibres of synergistic 
muscles; the inhibition of extensor motoneurones by Groups II and III 
muscle impulses and by cutaneous impulses; and the inhibition of moto- 
neurones by impulses from Renshaw cells (Bradley et al. 1953; Eccles, Fatt & 
Koketsu, 1954; Coombs et al. 1955). When tetanus toxin is injected into the 
spinal cord, it has the same final effect upon all these inhibitions (Brooks 
et al. 1957), but the onset of the depression is later, as would be expected from 
the slow diffusion of the toxin through the spinal cord. The ionic movements 
producing the inhibitory post-synaptic potentials for these different types of 
spinal or ‘local’ inhibition are similar (Coombs e¢ al. 1955); hence it may be 
postulated that a common inhibitory transmitter is involved. It may be 
further postulated that any other inhibitiory process similarly affected by 
these substances has a similar nature. | 

The conclusion that strychnine enhanced synaptic excitatory action arose 
because the action of mixed excitatory and inhibitory volleys was being 
investigated (cf. Bradley et al. 1953). This disability also arises when moto- 
neurones are conditioned by volleys initiated by stimulating higher centres of 
the nervous system. Complications due to such an admixture seem negligible 
when impulses from the external radial nerve are used to inhibit FDL moto- 
neurones, for this inhibition is readily diminished by strychnine. However, 
strychnine has a more complex action upon the effects produced on reflexes 
by stimulation of the anterior lobe of the cerebellum. When reporting the 
inhibition of motoneurones by cortical stimulation, Sherrington (1906) con- 
sidered that this inhibition was less easily converted to excitation by either 
strychnine or tetanus toxin than was a purely spinal inhibition, operating 
upon the same motoneurones. Bremer (1922) and Magnus & Wolf (1913) 
found that strychnine did not reverse the inhibition produced on the spastic 
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extensor muscles in decerebrate rigidity by stimulation of the anterior cere- 
bellar cortex. 

Injection of strychnine into decerebrate cats causes a rhythmic discharge of 
motoneurones designated ‘strychnine tetanus’ (Bonnet & Bremer, 1952; 
Bremer, 1953) which is still inhibited by stimulation of the reticular forma- 
tion, the cerebellum, the vestibular apparatus and the neck proprioceptors 
(Bremer 1941 a, 6; Terzuolo, 1952, 1954; Gernandt & Terzuolo, 1955). However, 
as shown in the ‘Cerebellum’ section of Results (p. 182), the IPSP recorded from 
motoneurones in response to cerebellar stimulation has a prolonged and irregu- 
lar time course. A number of pulses are necessary to initiate it and the intracel- 
lular potential itself consists of superimposed IPSP’s and EPSP’s which prob- 
ably are produced by the discharge of a complex interneuronal system. Not 
only could strychnine interfere with possible inhibitory processes at the site of 
stimulation and hence modify the volley descending to spinal segments, but 
it would have also the observed depressant action upon inhibition of the 
spinal interneuronal complex. The end result of this latter effect would depend 
upon the number of interneurones and inhibitory pathways concerned. It is 
conceivable (cf. Bradley et al. 1953) that, if strychnine depressed inhibition at 
each neurone along a polysynaptic pathway whose final effect was inhibition 
of motoneurones, there might even be enhancement of the over-all result of 
activating this system. This type of effect could explain the increase in size 
of the later IPSP’s of Fig. 5F, H, J. Thus the administration of strychnine 
may have little or no demonstrable depressant action on the inhibition of 
motoneurones by impulses descending from higher centres, especially when 
tested by such a complex phenomenon as ‘strychnine tetanus’. Nevertheless, 
it is to be noted that Gernandt & Terzuolo (1955) found that vestibular stimula- 
tion did not inhibit the rhythmical activity of spinal segment in the presence 
of large doses of strychnine. 

When tetanus toxin was used to depress or abolish inhibitory phenomena 
by injection into the spinal segments alone, it could exert no effect upon the 
inhibiting volley descending from the cerebellum. Owing to the time that was 
necessary for the toxin to be effective it was impossible to ensure that a 
constant inhibitory volley was being used. However, by using the inhibition ~ 
of motoneurones in more cranial segments as a control, it was evident that 
inhibition of motoneurones evoked by stimulation of the anterior cerebellum 
was affected by the action of tetanus toxin in the same manner as were those 
inhibitions of purely spinal nature. 

It can now be postulated with reasonable certainty that all forms of in- 
hibition of motoneurones located within the lumbar segments of the cat are 
produced by the same inhibitory transmitter substance, and that these in- 
hibitions can be prevented by the action of either strychnine or tetanus toxin. 
Both with the direct inhibition of motoneurones and with the ‘Renshaw’ 
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inhibition, the activation of the specific inhibitory interneurone is not affected 
by either of these agents. Further, it is unlikely that doses of 0-1-0-2 mg/kg 
of strychnine affect transmission in even the smaller diameter afferent fibres 
(Peugnet & Coppée, 1936; Heinbecker & Bartley, 1939; Coppée & Coppée-Bolly , 
1941) and indeed, neither strychnine or tetanus toxin have effects upon the 
afférent volleys used to inhibit motoneurones. Hence, these agents may pre- 
vent either the release of the inhibitory substance, or its post-synaptic action. 

Recent investigators (Brooks & Fuortes, 1952; Frank & Fuortes, 1955a, b; 
Fuortes & Frank, 1955) ascribe to strychnine the property of dendritic 
depolarization leading to accentuation of the ‘auto-rhythmicity’ of motoneu- 
rones. However, intracellular electrodes in motoneurones reveal small 
fluctuations in the ‘resting’ potential. This synaptic noise (Brock, Coombs 
& Eccles, 1952) has both excitatory and inhibitory components, each with 
time courses similar to the respective post-synaptic potentials. Consequently 
motoneurones, even in anaesthetized preparations, are being randomly 
bombarded by afferent impulses. In the presence of strychnine the inhibitory 
component of this noise would be abolished and the threshold of the cell 
apparently lowered because of the slight decrease in the resting potential. 
This effect, occurring at interneurones, would tend to raise their background 
discharge, leading not only to possible discharge of motoneurones but also to 
facilitation of polysynaptic reflexes. Wall, McCulloch, Lettvin & Pitts (1955) 
have not produced any evidence substantiating their suggestion that strych- 
nine is effective by virtue of its ability to raise the threshold of the terminal 
aborizations of afferent fibres. The only elemental effect of strychnine that has 
been conclusively demonstrated is the depression of the effectiveness with 
which activated inhibitory presynaptic terminals can generate the inhibitory 
post-synaptic potential. This occurs in low doses, is reversible and the conse- 
quent disturbances of inhibition are adequate to explain all the observed 
phenomena in the spinal cord. 

Curare has no specific depressant action upon spinal inhibitory processes 
when administered intravenously even in large doses. This might be expected 
from the fact that curare administered in this way has no action upon Ren- 
shaw cells, known to be activated cholinergically by impulses in the motor 
axon collaterals (Eccles, Fatt & Koketsu, 1954; Curtis & Eccles, 1958). 
Indeed, curare has little action upon these cells when applied from an adjacent 
electrode. It is apparent that the ‘blood-brain’ barrier and synaptic barriers 
prevent access of curare to spinal neurones, which may therefore differ from 
neurones found in the cerebral cortex (Purpura & Grundfest, 1957; Chang. 
1953). Although strychnine, cardiazol, picrotoxin and NP 13 can all produce 
convulsions in lightly anaesthetized animals, the last three drugs do not 
influence spinal inhibitions. The convulsive action of strychnine could result 
from the abolition of inhibition, which would allow of the uncontrolled spread 
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of impulses initiated anywhere in the central nervous system. Further in- 
vestigations will be necessary to elucidate the convulsive action of the other 
agents. 


SUMMARY 

1. The effect of strychnine and of tetanus toxin has been determined on a 
variety of ‘local’ and ‘descending’ inhibitions of spinal motoneurones in the 
cat. 

2. All forms of inhibition tested are diminished by these agents; hence it 
may be postulated that all are mediated by the same inhibitory transmitter 
substance. 

3. Intravenously injected tubocurarine, cardiazol and £-methyl-f-ethyl- 
glutarimide have no specific depressant action upon the inhibition of spinal 
motoneurones. 
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Sherrington (1909) showed that, in both the lengthening and shortening re- 
actions of vastocrureus, sense organs within the muscle may initiate reflex 
changes in the contralateral vastocrureus; however, his experiments did not 
determine the receptors responsible for these reflexes. The relation between 
ipsilateral lengthening and contralateral contraction in the knee extensors 
(Phillipson’s reflex) has been used to identify the muscle tendon organ as the 
source of the crossed. effect (Mountcastle, 1956). On the other hand, there is 
no direct evidence that the ipsilateral and contralateral responses are evoked 
by the same receptor. In addition, this type of deductive analysis is made 
difficult by the demonstration that impulses in muscle afferent fibres produce 
a variety of excitability changes in contralateral motoneurones (Perl, 1958). 
Of particular pertinence to the reflexes mentioned above, a volley of impulses 
in Group I afferent fibres from a knee flexor or extensor muscle was shown to 
produce dual effects on motoneurones of the contralateral equivalent muscle— 
an initial inhibition with a very brief central latency, followed by a more 
prominent facilitation. The inhibitory and facilitatory effects could be dis- 
sociated by varying the number of Group I fibres activated, suggesting that 
each effect was mediated by a different group of fibres, possibly originating 
from different sensory structures. The origin of Group I fibres from the two 
known stretch receptors of muscle, the muscle spindle and Golgi tendon organ, 
is clearly established (Hunt & Kuffler, 1951; Hunt, 1954). On the average, the 
muscle spindle and Golgi tendon organ have different thresholds to externally 
applied muscle tension, and in addition the Golgi tendon organ can be stimu- 
lated preferentially by muscle contraction (Matthews, 1933; Hunt & Kufiier, 
1951; Hunt, 1954). Consequently it seemed possible, by means of appropriate 
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stimulation, to study the relationship between activation of particular 
sense organs and the Group I induced excitability changes. If crossed effects 
could be attributed to activation of specific muscle stretch receptors, a 
more complete view of the reflexes originated by these receptors would be 
obtained, The experiments to be described show that the receptors which 
evoke the myotatic reflex inhibit the contralateral equivalent muscle, while 
the receptors responsible for autogenetic inhibition and other features of the 
inverse myotatic reflex (LaPorte & Lloyd, 1952) facilitate the contralateral 
equivalent muscle. 


METHODS 


Cats prepared in three ways were used for the experiments: animals with an acute spinal cord 
transection at the upper cervical level; decerebrate animals; and animals with spinal transections 
at the mid-thoracic level, operated on under general anaesthesia with aseptic precautions 3 days 
to 6 weeks before the definitive experiment. After initial anaesthesia with diethyl ether, the 
carotid and vertebral arteries were permanently occluded in the spinal preparations, causing death 
of the rostral brain, as was indicated by cessation of respiration and absence of cranial reflexes. 
These animals were artificially respired for the remainder of the experiment. The brain rostral to 
the level of transection in the decerebrate animals was completely destroyed by anaemia (occlu- 
sion of the carotid and basilar arteries) and suction. The majority of observations were made on 
‘chronic’ spinal and acute decerebrate animals, because the crossed effects were more evident in 
these preparations. 

Ventral roots L6-S1 were usually divided bilaterally. Muscle nerves excited by electrical 
stimuli were carefully dissected and divided as in previous studies (Perl, 1957, 1958). All exposed 
nervous tissue was covered with paraffin oil equilibrated with 95% O, and 5% CO,. Alterations 
in the monosynaptic ventral root discharge evoked by afferent volleys in the central end of a nerve 
supplying a knee muscle were used to indicate excitability changes. The activity of either a single 
ventral root fibre or of a population of these was amplified and displayed on an oscilloscope from 
which it could be photographed. In later experiments population responses were measured by 
obtaining a voltage-time integral of the monosynaptic deflexion by means of an automatic 
integrator with digital output (Hisey & Perl, 1958). Whenever monosynaptic reflexes from 
motoneurone populations were used to test the effects of stretch, between 50 and 150 control 
reflexes and an equal number of test reflexes obtained alternately were compared for each change 
in tension of the crossed muscle. Prod 

Various degrees of applied tension or of contraction of a knee muscle in the hind limb were 
used to condition the contralateral test reflexes. The muscle used for conditioning was isolated in 
the general manner used by Sherrington (1909) for myographic recording of reflexly produced 
muscle tension. The innervation to either the vastocrureus muscle or the semitendinosus muscle 
was left intact, and the remaining nerves to the hind limb were severed. The tendinosus insertion 
of the isolated muscle was cut and tied to a stout ligature. The patellar tendon was dissected free 
from the knee joint whenever the vastocrureus was isolated and the semitendinosus was separ- 
ated from the overlying skin and adjacent muscles for the distal three-fourths of its length when it 
was used for conditioning. Stretch of the muscle was accomplished either by loading with weights 
in a pan tied to the ligature, which was passed over a light pulley, or by moving a strain gauge 
tied to the ligature. 

RESULTS 


Fig. 1 gives the results of a typical experiment in which the effects of muscle 
stretch were tested on a population of motoneurones supplying the contra- 
lateral homologous muscle. The right vastocrureus muscle was isolated and 
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subjected to external stretch while the size of the left vastocrureus mono- 
synaptic reflex response was measured. A small degree of tension on the right 
muscle elicited a depression of the left reflex discharge. When the degree of 
stretch or tension in the muscle was increased, the effect on the crossed moto- 
neurones became facilitatory. Thus, as can be seen in Fig. 1, with tensions of 
40 and 80 g the test reflex was depressed, but as the conditioning tension was 
increased the resultant effect was a progressively greater facilitation. Fig. 2 
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Fig. 1. Effects produced by tension (load) changes in the left vastocrureus muscle on the size of 
the right vastocrureus monosynaptic reflex. The indicated tensions represent increments 
from zero external tension. Testing tension and control tension (zero) were alternated every 
50 sec and approximately 150 control and test reflexes were compared to obtain each value. 
The contralateral test reflex was evoked once per second. Spinal cat with T12 transection 
3 weeks before this experiment. Rectal temperature 38° C. 


illustrates the results obtained in a similar experiment using a flexor muscle 
to condition contralateral flexor motoneurones. The semitendinosus of the 
left limb was stretched by different loads and the monosynaptic discharge 
evoked from the nerve to the contralateral semitendinosus and biceps femoris 
posterior was used to test the effects produced. Stepwise increase in tension 
on the left semitendinosus from 15 to 35g led to a slight but increasing 
depression of the crossed morosynaptic reflex. With a tension of 45g no 
effect on the testing monosynaptic discharge was demonstrable; however, when 
the tension was increased above 45 g a small degree of facilitation appeared. 
As is shown in Fig. 2, contraction of the left semitendinosus muscle (iso- 
metrically or against a large external load), produced by tetanic stimulation 
13-2 
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of motor fibres in the first sacral ventral root, caused facilitation of the 
contralateral flexor monosynaptic reflex. When the semitendinosus was made 
to contract by ventral root stimulation, in this and other experiments, care 
was taken to use stimuli below threshold for small ventral root fibres (25- 
50%, of that producing maximal contractions), to avoid muscle-spindle 
activation (Leksell, 1945; Kuffler, Hunt & Quilliam, 1951). 

The effects of muscle tension on a population of motoneurones innervating 
homologous muscles of the contralateral limb seemed to indicate the following 
relationships: (1) When stretch receptors with a low threshold were activated, 
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Fig. 2. Effects produced by tension (load) changes in left semitendinosus muscle on the size of 
the right itendi terior biceps femoris monosynaptic reflex. Compiled from data 


obtained as in Fig. 1. Contraction produced by stimulation of distal end of cut S1 ventral 
root, 50 c/s, at intensity producing approximately 100 g of tension. Decerebrate cat; rectal 


temperature 37—38° C. 
the crossed excitability change was inhibitory. (2) When stretch receptors 
with a higher threshold were activated, the inhibition was abolished and 
facilitation resulted. However, in the above studies the effects just described 
were frequently quite small, of the magnitude shown in Fig. 2, and in many 
preparations only part of the pattern shown in Figs. 1 and 2 was clearly evident. 
It appeared possible to obtain confirmation of the above results by using the 
discharge of a single contralateral motoneurone as an indicator of the reflex 
effects produced by changes in tension of the muscle. The excitation of a 
motoneurone by afferent impulses from ipsilateral sources can be adjusted so 
that the neurone is just below or just above threshold for firing. Under these 
circumstances quite minor changes in excitability would be mirrored as 


changes in frequency of discharge of the particular unit. Furthermore, phasic 
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changes of excitability produced by the conditioning stimulus would be more 
clearly manifested. For these reasons another series of experiments was 
performed in which the ventral root fibres of motoneurones which could be 
discharged monosynaptically from a given muscle nerve were isolated by 
subdivision of a ventral root contralateral to the conditioning muscle. The 
contralateral motoneurone was brought to a certain level of excitation by 
Group I volleys in the muscle nerve evoked at rates from 1 to 50/sec. The in- 
tensity of this background excitation to the crossed testing motoneurone 
could be varied by increasing or decreasing the size of the Group I volley, 


_ thereby altering the firing index (Lloyd & McIntyre, 1955) and setting up 


conditions ideal for the observation of either an inhibitory or excitatory in- 
fluence produced by tension changes in the muscle. In general, motoneurones 
with a relatively high firig index to maximal Group I volleys were chosen. 

Using this technique the types of effects described for whole monosynaptic 
reflexes were now more strikingly evident. Fig. 3 illustrates, in the upper 
trace of each record, the change in frequency of firing of a contralateral 
vastocrureus motoneurone using the above experimental arrangement, when 
the quadriceps tendon was subjected to external tension. The time course of 
the tension change is shown by the second trace of the oscilloscope recording 
from a strain gauge connected to the muscle tendon. In A the motoneurone 
rarely responded to the Group I nerve volleys when unconditioned, but during 
the period of increased tension on the quadriceps tendon the frequency of 
discharge markedly increased. In B of the same figure the unconditioned 
frequency of response was higher than that shown for A because the size of the 
Group I volleys had been increased, and again it can be seen that with a similar 
change in tension the discharge frequency of the motoneurone was raised. 
These crossed facilitatory effects were quite clear when the tension in the 
quadriceps was increased from near zero to 300-450 g. On the other hand, 
when a relatively small increment in tension (70 g) was produced, starting from 
@ near-zero initial tension, as is shown in Fig. 3C, the motoneurone frequently 
ceased to respond for a period during the tension increment. 

The effects of tension changes in the semitendinosus muscle on the excita- 
bility of a flexor motoneurone of the opposite limb are shown in Fig. 4. (The 
low amplitude discharge which appears in the records of Fig. 4 could not be 
excited monosynaptically by afferent volleys from any of the hamstring nerve 
branches and therefore could not be identified.) Fig. 4. and B illustrate the 
variation produced by externally caused tension change (lower trace) in the 
discharge of the contralateral motoneurone. In A a very small change in 
muscle tension produced no effect, a slightly greater change inhibited the 
discharge and a still greater change again produced little effect. By adjust- 
ment of the stimulus intensity used to excite the semitendinosus nerve the 
unconditioned response frequency of the motoneurone was made relatively 
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high in A, to allow demonstration of the inhibitory effect. In 4B the moto- 
neurone rarely responded to a weak ‘driving’ stimulus, but when the muscle 
was subjected to greater stretch than in A facilitation in the form of repeated 
discharges became evident. In Fig. 4C the tension change was produced by 
tetanic stimulation of the distal end of a cut ventral root. During tetanic 
contraction of the semitendinosus the contralateral motoneurone also increased 


its frequency of discharge. 


c 


Fig. 3. Discharge of a contralateral vastocrureus motoneurone when conditioned by stretch of the 
vastocrureus muscle. A and B illustrate facilitation produced by large increase in tension, 
and C is an example of inhibition produced by a relatively slight increase in tension. Upper 
oscilloscope trace is the recording from a fine filament of the right L6 ventral root. Excita- 
tory drive to motoneurone was supplied by Group I volleys in the right vastocrureus nerve 


(VC) at 50 sec. Lower oscilloscope trace is a record from a resistance strain gauge held 


in a manipulator and connected to the left patellar tendon, upward deflexion indicating an 
increase in left tension. A, right VC Group I volleys small and firing index of motoneurone 
very low when unconditioned. B, right VC Group I volleys increased and firing index increased 
compared to A. C, asin B. Calibration is the.same for all records. Spinal cat with T10 
section 6 weeks before this experiment; rectal temp. 36-5-37° C. 


In certain instances the latency of the change in discharge of a single 
motoneurone was rather long, and in addition prolonged after-effects were 
often noted (Figs. 3C, 4B, C). The reliability of the changes which were seen 
can be attested to by the fact that they were repeatable. The explanation for 
the long time course of these phenomena may be related, in part, to the mixed 
and artificial inputs used to set the excitatory level of the motoneurone for 
each test. Since adjustment of the intensity of electrical stimuli to muscle 
nerve in these experiments was not sufficient completely to separate Group | 
components (Perl, 1958), Group I volleys, used as the background excitation, 
inevitably contained elements having opposite effects on the motoneurone 
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being studied (see p. 201). This might well lead to the situation in which the 
discharge pattern of a given cell would be slow to change in response to the 
onset or cessation of a weak but prolonged asynchronous input. An obvious 
additional factor is the mixed reflex effect of moderate or strong stretch 


— 


Fig. 4. Discharge of a contralateral flexor motoneurone when conditioned by tension changes in 
the semitendinosus and vastocrureus muscles (see text). Upper oscilloscope trace is the re- 
cording from a filament of the right S81 ventral root. Large amplitude action potential could 
be evoked monosynaptically from the combined right semitendinosus and posterior biceps 
nerve (BST) and occasionally discharged ‘spontaneously’, but the smaller ‘spike’ could not 
be so identified. Right BST excited at Group I intensity, 10 c/s. Firing index changed as in 
Fig. 3 by varying size of right BST Group I volley. In A, B, C, lower trace = tension changes 
in the left semitendinosus muscle recorded by a strain gauge attached to the distal muscle 
tendon, as in Fig. 3. In A and B tension changes produced by manually moving manipulator 
holding strain gauge and stretching muscle. Large unit discharged 5 times in 5 sec before 
record B. C, tension change caused by contraction of the muscle during 50 c/s stimulation of 
cut distal end of the left 81 ventral root. Large unit discharged twice in 4-5 sec previous to ) 
this record. D, recording from same filament and pétoneurone as in A, B, C, but at 1/—~——___-§ 
film speed; signal light indicates approximate period of stretch of left vastocrureus muscle 
(600 g). Spinal cat with T10 section 13 days before this experiment; rectal temp. 38-5° C. 


exciting the low threshold receptors, producing crossed inhibition, as well as 
the receptors of higher threshold responsible for crossed facilitation (Fig. 4B). 

In a few experiments the afferent innervation to both the vastocrureus and 
the semitendinosus was left intact. This gave an opportunity for the study of 
reciprocal changes in excitability. It was noted in such situations that ex- 
ternal muscle tension, evoking facilitation of a motoneurone supplying the 


r 
| 
| | sec 


200 E. R. PERL 


crossed equivalent muscle, inhibited a motoneurone of the immediate antagon- 
ist of this crossed muscle. An example of this type of reciprocal effect is 
shown in Fig. 4D. Sudden increase of tension in the vastocrureus from zero 
to 600 g, which in an earlier portion of the experiment had powerfully facili- 
tated a contralateral vastocrureus motoneurone, inhibited a motoneurone of 
the antagonist, flexor. Although the reciprocal nature of the crossed effect 


produced by moderate to high muscle tension on motoneurones of antagonistic 


muscles was easy to show, a reciprocal change for slight external stretch was 
not seen in the few attempts that were made to demonstrate it. 

In the above experiment the muscles being stretched were partially removed 
from their attachments and therefore it was difficult to judge whether the 
stretch necessary to evoke crossed facilitation was of the magnitude produced 
by limb movement in the intact animal. This was important because facilitation 
in both the flexor to crossed flexor and extensor to crossed extensor pathways 
could be produced by Group III fibres (Perl, 1958). The sense organs from 
which Group III sensory fibres originate are not known, but it is possible that 
they mediate noxious or other sensations unrelated to stretch. Therefore, in 
several experiments, the muscle to be stretched was prepared as above except 
that the insertion on the tibia was left intact. Muscle stretch was now pro- 
duced by flexion or extension of the knee depending upon whether the ex- 
tensor or flexor was under examination. In a typical experiment using vasto- 
crureus, flexion of the knee so that the tibia was some 15° from complete 
extension produced no effect or questionable inhibition of the monosynaptic 
reflex evoked from the contralateral vastocrureus. Flexion to 45° produced a 
definite but slight facilitation and flexion to 80° or 90° from complete extension 
resulted in a powerful facilitation of the contralateral extensor motoneurones. 
In similar experiments using knee flexors it was determined that facilitation 
of contralateral flexor motoneurones could be produced by extension of the 
knee from complete flexion to something less than full extension. It was 
apparent from these results that the receptors responsible for the crossed 
facilitation can be activated by muscle stretch produced by limb movement 
within the normal range. 


DISCUSSION 


On the basis of results obtained by using volleys of impulses to condition 
contralateral reflexes, a hypothesis was developed which linked activity in 
Group I afferent fibres from muscle spindles with inhibition of motoneurones 
of the contralateral homologous muscle, and activation of the Group I fibres 
from the Golgi tendon organs in the same muscle with facilitation of these 
motoneurones (Perl, 1958). The data for muscle stretch presented herein are 
in agreement with this thesis. The activation of many afferent fibres from 
muscle spindles by small degrees of muscle stretch has been noted by a number 
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of investigators. Excitation of Golgi tendon organs by contraction and 
relatively greater external tension is equally well documented (Matthews, 
1933; Hunt & Kuffler, 1951; Hunt, 1954). From this the fact that quite 
small amounts of externally applied tension to a muscle inhibited motoneurones 
of the crossed equivalent muscle makes the muscle spindle the likely source 
of the inhibition. More specifically, the inhibitory change would seem to 
originate in the annulospiral ending and its Group I fibre. This conclusion 
arises from the following train of evidence. Group I fibres produced inhibition 
in pathways from flexor-muscle nerve to contralateral flexor motoneurones and 
from extensor-muscle nerve to contralateral extensor motoneurones. Group 
II fibres, which also originate from the muscle spindle, inhibited crossed 
flexor, but not crossed extensor motoneurones (Perl, 1958). Crossed inhibition 
produced by light tension was evident in both the flexor or extensor condition- 
ing and test situations of the present experiments. 

Two points support the contention that the tendon organs are the afferent 
source for facilitation of contralateral motoneurones supplying the homo- 
logous muscle by Group I fibres from a muscle nerve. (1) Contraction of 
the semitendinosus produced facilitation of contralateral knee flexor moto- 
neurones ; this form of adequate stimulation would be expected to excite tendon 
organs. (2) Moderate to marked external stretch of a muscle was necessary 
before the contralateral facilitatory effect became evident, a degree of stretch 
expected to excite tendon organs in addition to afferent endings of the muscle 
spindle. If it is assumed that the fibres mediating facilitation exert the more 
powerful of the two effects produced by Group I fibres, as seems to be the case 
(Perl, 1958), the progressive change from inhibition to facilitation, produced 
by increasing passive tension on the muscle in both the flexor-flexor and 
extensor-extensor situations, might be expected. 

The significance of the crossed reflex changes evoked by the muscle stretch 
receptors is most easily appreciated if the ipsilateral reactions elicited by 
activity in the same sensory structures are considered. The weight of evidence 
points to the annulospiral ending of the muscle spindle and its Group I 
afferent fibre as the afferent limb of the myotatic or facilitatory stretch 
reflex (Lloyd, 1943; Granit, 1950; Hunt, 1952). It is well documented that 
activity in the same afferent structures which initiate the stretch reflex, 
facilitates synergists and inhibits antagonists (Creed, Denny-Brown, Eccles, 
Liddell & Sherrington, 1932; Lloyd, 1943, Granit, 1950; Hunt, 1952). The 
evidence presented in this paper suggests that the myotatic reflex has a 
contralateral component, inhibition of the crossed homologous muscle. The 
crossed inhibition has a central latency comparable to that noted for the 
ipsilateral ‘direct’ inhibition of antagonist muscles (Perl, 1958). 

The studies of Granit (1950) and Hunt (1952) have shown that activity of 
tendon organ receptors inhibits motoneurones supplying the same and 
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synergistic muscles. Ipsilaterally, then, the tendon organs represent the 
afferent source of the ‘lengthening reaction’. On the basis of the analysis 
presented above, onc of the contralateral effects of tendon organ activity is 
facilitation of the crossed equivalent muscle. The crossed excitability change 
initiated by tendon organs, in the case of the vastocrureus, is precisely that 
which would be produced in Phillipson’s reflex, often noted as the crossed 
concomitant of the ipsilateral lengthening reaction (Sherrington, 1909), 
confirming Mountcastle’s deduction (1956). 

Thus the reflex effects produced by the Group I fibre from the muscle 
spindle or the Golgi tendon organ on the knee muscles of a crossed limb are 
the reciprocals of those produced in the limb of origin. Such an inverse rela- 
tion offers a mechanism explaining the perpetuation of alternating extension 
and flexion in opposing limbs (progression-like movements) in spinal animals 
(Perl, 1958). The same reflex effects also can be used to explain maintenance 
of a bilateral hind-limb supporting reaction. It would only be necessary to 
produce a maintained knee extensor contraction in a response such as extensor © 
thrust to plantar stimulation and then the bilateral tendon organ connexions 
of the contracting muscle(s) would serve to keep the excitability of the 
opposite extensor motoneurones high. 


SUMMARY 


1, Alterations in the monosynaptic discharge of motoneurones recorded 
from whole ventral roots and from single ventral root fibres were used to 
study the crossed reflex effects produced by changes in muscle tension. 

2. Tension changes in a knee flexor or extensor muscle produced the follow- 
ing alterations in excitability of motoneurones supplying the contralateral 
equivalent muscle: (a) small tension changes produced inhibition; (b) moderate 
and marked tension changes gave rise to facilitation; (c) contraction of the 
muscle evoked facilitation. The crossed facilitatory effect produced by moder- 
ate to marked tension was accompanied by inhibition of motoneurones inner- 
vating muscles antagonistic to those facilitated. 

3. On the basis of these findings, the known properties of muscle stretch 
receptors, and the crossed reflex effects evoked by volleys in muscle afferent 
fibres, the inhibitory effect was linked to activity in the Group I afferent 
fibre from the muscle spindle and the facilitation was related to excitation of 
the Golgi tendon organ. 

4. It was concluded that the myotatic reflex and the inverse myotatic 
reflex are associated with reciprocal changes in motoneurones innervating 


comparable muscles of the contralateral hind limb. Some consequences of 
this reflex organization are discussed. 


This work was aided by a grant from the National Foundation for Infantile Paralysis. 
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It is now generally assumed that, with increased use, synaptic linkages 
between nerve cells develop a greater functional efficiency (Cajal, 1911; 
Hebb, 1949; Konorski, 1948, 1950; Toennies, 1949; Jung, 1953; Eccles 1953). 
Unfortunately this postulate has not yet been subjected to sufficient experi- 
mental testing. With the simplest reflex actions it is difficult to arrange for 
conditions in which there is excessive synaptic use and in which the necessary 
controls are available. It has been easier to investigate the effects of disuse 
on synaptic function, but it has not yet been possible to establish the effects 
of disuse uncomplicated by other factors. Thus total disuse can be secured by 
severing afferent fibres just distal to their cell stations in the dorsal root 
ganglia, but this operative procedure causes in addition a chromatolytic 
change in the dorsal root ganglion cells, with an accompanying shrinkage and 
slower conduction velocity of their afferent fibres (Eccles & McIntyre, 1953). 
Nevertheless, it was considered that disuse was at least partly responsible for 
the three changes observed in monosynaptic reflexes several weeks post- 
operatively: (1) the relatively small size, (2) the abnormally prolonged time 
course of post-tetanic potentiation and (3) the very prolonged potentiation 
(residual potentiation) that often persisted for many hours after a post- 
tetanic potentiation. It was concluded that disuse had reduced synaptic 
efficacy and also rendered synapses more susceptible to the adjuvant effects of 
activity. 

With the present series of experiments disuse of synapses has been effected 
by severing the nerves to muscles, a procedure which also introduces the 
complications of chromatolysis of the dorsal root ganglion cells and shrinkage 
of the afferent fibres, as well as chromatolysis of the motoneurones whose 
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axons are involved. However, it has the advantage of allowing a comparison 
to be made between the intracellularly recorded potentials evoked in the same 
motoneurone by normal afferent pathways and those changed by operation. 

In one type of experiment the motoneurone itself was normal (j.e. not 
chromatolysed). For example, the nerve to medial gastrocnemius was severed, 
with the consequence that some of the monosynaptic excitatory synapses on a 
lateral gastrocnemius motoneurone belonged to afferent nerve fibres severed 
at this preliminary operation. Some weeks later the animal was set up for 
intracellular recording and the effectiveness of these synapses was demon- 
strated by the size and time course of the excitatory post-synaptic potential 
(EPSP) evoked in a lateral gastrocnemius motoneurone by a maximal Group 
[a afferent volley from medial gastrocnemius nerve. The EPSP evoked in 
this same motoneurone by a maximal Group Ia afferent volley from lateral 
gastrocnemius nerve served as a control. 

In another type of experiment, the motoneuroné“was chromatolysed. For 
example, EPSP’s evoked by the two respective volleys were recorded in a 
medial gastrocnemius motoneurone. These EPSP’s were often distorted by 
the partial responses that are superimposed on the EPSP’s of chromatolysed 
motoneurones (Eccles, Libet & Young, 1958), since the medial gastrocnemius 
motor axons had been severed together with the afferent fibres. Nevertheless, 
the responses to monosynaptic stimulation via normal and severed afferent 
pathways exhibited the same differences as those found in the experiments 
using normal motoneurones. 


METHODS 


In the initial operations one branch of each synergic nerve pair was completely severed in the left 
hind limb of a cat with full aseptic precautions. One such pair was the medial gastrocnemius 
(MG) and lateral gastrocnemius-soleus (LGS), the former being severed. The nerve to flexor 
digitorum longus (FDL) was also severed, the nerve to flexor hallucis longus (FHL) being left 
intact. The other two nerve pairs were provided by the nerves to semitendinosus and posterior 
biceps, the long branches (LST and LBP) in each case being severed, the short branches (SST and 
SPB) serving as controls. 

In seven animals the standard intracellular recording (Eccles, Eccles & Lundberg, 1957) was 
performed after 13-25 days, in five after 33-39 days, and in four experiments after only 6-10 days. 
In all but the first two experiments the ventral roots were severed in order to eliminate complica- 

, tions produced in the intracellularly recorded potentials by antidromic impulses in motor axons, 
i.e. the spike potentials of the motoneurone under investigation and of neighbouring motoneurones, 
and also the inhibitory synaptic action through the Renshaw cell system. 

Special precautions were taken to ensure that the severed afferent pathways were stimulated 
as little as possible before the actual experimental tests. During the insertion of the micro-electrode, 
sufficient guidance was provided by the field potentials generated by volleys in the normally used 
afferent lines and in the appropriate ventral root. When insertion into a motoneurone was 
signalled by the resting potential and by the responses evoked orthodromically and antidromically, 
the effects of afferent volleys in the severed lines were cautiously tested at the frequency of 0-5 c/s, 
which was regularly employed in all testing, both before and after the conditioning tetanus. After 
a sufficient number of initial control observations, the standard conditioning tetanus of 400 c/s 
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for 10 sec was applied and the testing continued thereafter, usually for several minutes. Since it 
was important to have maximal Group Ia volleys throughout, the strength of the testing stimulus 
was at least twice the maximal for Group Ia. Still stronger stimuli (about four times maximal) 
were employed during the conditioning tetanus. The Grass camera was usually arranged to 
expose each frame for 5 sec and then rapidly to turn on to the next frame. There were thus two 
or three superimposed sweeps on each frame, as may be seen in Figs. 4-6. It proved convenient 
and accurate to measure the maximum slopes of EPSP’s by aligning the records on graph paper. 
The significance of differences between mean values of maximal potentiation was estimated on the 
null hypothesis by means of the # test. 


RESULTS 


It was essential in the first place to choose a post-operative period that was 
sufficiently long, and yet not so long as to introduce complications on account 
of re-innervation of receptor organs. Such conditions obtained for our initial 
series of thirty-three motoneurones in seven experiments, where the experi- 
mental testing occurred 13-25 days after the initial operative lesion. This 
series consisted of twenty-one motoneurones which, judging by their chroma- 
tolytic type of response (Eccles et al. 1958), presumably supplied the de- 
nervated muscle, and twelve motoneurones with normal responses. Since the 
responses of this latter group are not complicated by changes due to moto- 
neuronal chromatolysis, they will be considered first. 


Monosynaptic activation of normal motoneurones through normal and 
operatively severed paths 

In the first two experiments of this series the ventral roots were intact. As 
a consequence, when a motoneurone was impaled by the micro-electrode, the 
motor nerve containing its axon could be identified with certainty by anti- 
dromic invasion (Eccles et al. 1957). For example, the antidromic spike poten- 
tial in Fig. 1A and B reveals that the motor axon was in the short nerve to 
posterior biceps (SPB), which had not been severed in the preliminary opera- 
tion. Fortunately the threshold stimulus for the motor axon in the SPB nerve 
was 1-4 times maximal for the Group Ia afferent fibres, so that with Fig. 1C, D 
the stimulus to the SPB nerve was well above maximum for Group Ia 
afferent fibres, as shown by the records of the dorsal root spike, and yet below 
threshold for the motor axon. 

It is seen in Fig. 1C that a much larger monosynaptic EPSP (3-5 mV) was 
evoked by an SPB volley than by maximal volleys from the long branch 
of posterior biceps nerve (Z, 1-0 mV) and from the anterior biceps nerve 
(H, 1-1 mV). In the LPB records the brief initial diphasic wave was due to 
extracellular fields generated by antidromic invasion of adjacent motoneurones, 
since the same wave was recorded when the micro-electrode was just withdrawn 
from the cell (Fig. 1G). Unfortunately this superimposed field potential 
makes it impossible to compare accurately the onsets and rising phases of the 
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EPSP’s generated respectively by normal synapses (Fig. 1C', H) and by those 
belonging to peripherally severed axons (Fig. 1Z). However, Fig. 1D, F 
and J shows typically that these last synapses differ from normal in that a 
conditioning tetanus caused a greater potentiation of the monosynaptic 
EPSP, the ratios for maximum potentiation being respectively 2-9 (F) as 
against 1-4 (D) and 1-6 (/) for normal synapses. 

In all later experiments field effects from antidromic invasion were elimi- 
nated by severing the ventral roots at the time of the final investigation. It 
was no longer possible to identify motoneurones by antidromic invasion, but 


A 


Fig. 1. In all except @ (which is just extracellular) lower traces are intracellular records from a 
short posterior biceps (SPB) motoneurone, as is indicated by the antidromic spike potential 
seen truncated in some traces of A and at low amplification in B. The upper traces are recorded 
by an electrode making contact with the L7 dorsal root as it enters the spinal cord, negativity 
being signalled downwards. A-—D are evoked by volleys in the SPB nerve, E-G by volleys in 
the LPB nerve which had been severed 25 days previously, and H, J by volleys in the anterior 
biceps nerve. D, F and J are taken at the height of the post-tetanic potentiation following a 
conditioning tetanus of 400 c/s for 10 sec, C, Z, and H being the control records. Same time 


scale for all records. Z, F, and G are at higher amplification, as shown by the 5 mV scale. The 
50 mV scale is for B only. 


as a rule the chromatolysed motoneurones with axons in the severed nerves 
were readily identified by their characteristic responses. 

In Fig. 2 monosynaptic EPSP’s have been evoked in an FHL motoneurone 
by maximal Group Ia volleys homonymously in FHL nerve (A) and heter- 
onymously in the nerve to the synergist, FDL B. Typically the EPSP set up 
through the severed afferent line (FDL) has a longer latent period and a later 
summit. It is also much smaller and has a slower rising phase. Probably the 
longer latent period is sufficiently explained by the slower conduction velocity 
of the afferent fibres, as may be seen when the afferent volley is simultane- 
ously recorded from the dorsal root entry zone (cf. Figs. 1, 4, 5). There is no 
evidence that nerve section is associated with a lengthening of synaptic delay. 

The smaller size and less steep slope of the EPSP evoked from the severed 
uerve might conceivably be due to the fact that the comparison is between a 
heteronymous and a homonymous EPSP, the former being smaller in all but 
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very exceptional circumstances (Eccles et al. 1957). Two procedures have been 
employed in an attempt to provide a quantitative test of this possible explana- 
tion. One procedure is to investigate post-tetanic potentiation of the normal 
and severed afferent lines respectively. The other procedure is described in 
the Discussion. 

As is shown in Fig. 2, the maximum post-tetanic potentiation of the EPSP 
evoked by the severed line was relatively much greater than that evoked by 


msec 
Fig. 2. Intracellular EPSP’s evoked in a FHL motoneurone by maximum Group [a volleys in 
FHL nerve (A), and in FDL nerve (B) which had been severed 15 days previously. Top 
records in A and B were taken before the conditioning tetanus 400 c/s for 10 sec, and the 
subsequent records at the indicated intervals after the tetanus. Same time scale throughout, 
but different voltage scales for the two series as indicated. 


the normal line, as was also seen in Fig. 1, the respective ratios being 2-8 and 
1-95 for the heights of the EPSP’s and 2-5 and 1-4 for their maximum rates of 
rise. In both the maximum was observed 8 sec after the end of the tetanus. 
When the whole series was plotted both for heights and slopes (Fig. 3.4, 8), 
the post-tetanic potentiation exhibited a slower decline for the severed line 
(open circles); as may also be seen in the sample EPSP’s of Fig. 2. When the 
heights of the EPSP’s were being measured, the respective times for decline to 
half the maximum potentiation were 48 sec as against 37 sec for the norma! 
line (Fig. 3.4), whereas for the maximum slopes of the EPSP’s the respective 
half-times were 44 sec and 30sec. Finally, there appeared to be a smal! 
residual potentiation of the height of the former EPSP even after 11 min (cf. 
Fig. 2), whereas the normal EPSP was depressed below the initial size from 
2 till 14 min after the conditioning tetanus (cf. Fig. 2). 
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It cannot be assumed that the relative magnitudes of excitatory synaptic 
actions on a nerve cell are directly proportional to the heights of the respective 
EPSP’s. When two EPSP’s are simultaneously produced by two sets of 
‘synapses, the recorded EPSP is a few per cent less than the sum of the two 
EPSPs individually recorded, and it has been shown that this small degree of 
occlusion is predictable from the postulate that excitatory synapses act as 
virtual short-circuits of the post-synaptic membrane (Eccles, Eccles & Lund- 
berg, unpublished observations). This error arising from occlusion becomes 
negligible if maximal slopes of the EPSP’s are used for assessment of their size. 
However, another error is then introduced, because this measurement is very 
sensitive to variations in the amount of temporal dispersion obtaining for the 
actions of the individual synapses. For example, after the severe conditioning 
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Fig. 3. Plots of the time courses of EPSP’s produced 
tetanus df 10 sec at 400 c/s, as indicated by the hatched columns. Specimen records are shown 
in Fig. 2. In Fig. 3.4 the heights of the EPSP’s are plotted relative to the control height, 
open circles being for the operatively severed pathway (FDL) and filled circles for the control 
pathway (FHL). Fig. 3B ag for Fig. 3A, but for maximum slopes of the rising phases of 
the EPSP’s. Note that in Fig. 3.A the time scale is greatly shortened after 3 min. 
tetanus, usually 400 c/s for 10 sec in our experiments, there may be a con- 
siderable increase in the temporal dispersion of the testing afferent volley, and 
the degree of this dispersion may be larger for the operatively severed afferent 
pathway. Nevertheless, except for the first two experiments, where the rising 
phase of the EPSP was complicated by antidromic spike potentials (cf. Fig. 1), 
the maximum slope of the EPSP has been adopted as the best criterion of the 
magnitude of the synaptic excitatory action. In particular, this slope has 
been the most convenient measurement with chromatolysed cells, becausc it is 
made early in the course of the EPSP’s before they are distorted by super- 
position of the partial responses that so frequently are produced by these cells 

(Eccles et al. 1958). 
Comparison of Fig. 34 and B typically shows that the potentiation 1s 
significantly larger for the heights of the EPSP’s than for the maximum slopes 
of the EPSP’s. This discrepancy occurs because the rising phases of the 
potentiated EPSP’s are considerably lengthened, for example, in Fig. 2A 
from 1-17 to 1-64 msec. As the potentiation declines, the rising phase 
14 PHYSIO. CXLV 
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correspondingly shortens until it attains the initial duration. There is a com- 
parable lengthening during the post-tetanic potentiation of the EPSP’s set 
up from the severed afferent path (cf. Fig. 2B). 

Occasionally monosynaptic EPSP’s have been produced in a semitendinosus 
or posterior biceps motoneurone by four converging afferent paths, two of 
which had been operatively severed (LST and LPB), while two (SST and 
SPB) were normal. As‘is shown in Fig. 4, the maximum potentiation of the 
EPSP’s generated by both the severed afferent pathways (3-5 for D-C and 
3-2 for H-G) was much greater than for the two normal pathways (1-8 for 
B-A and 1-4 for F—2). 


Fig. 4. Intracellular records as in Fig. 1 from a motoneurone (probably ST) in which four afferent 
nerves produced EPSP’s: SST, A and B; LST, C and D; SPB, EF and F; LPB, @ and H. 
The first of each of these paired responses was the control and the second was at the maxi- 
mum potentiation after 10 sec at 400 c/s. The LST and LPB nerves had been severed 13 days 
previously. Same time and voltage scale throughout. 


Table 1 summarizes the results of comparison of the post-tetanic potentia- 
tion ratios for the twelve normal motoneurones in which EPSP’s were evoked 
both from norma! and operatively severed afferent lines. It will be seen that 
there has been a highly significant increase in the post-tetanic potentiation of 
EPSP’s evoked from the operatively severed afferent paths, the respective 
mean control values being 1-69 and 2-81. 


Monosynaptic activation of chromatolysed motoneurones through normal and 
severed afferent paths 

It has already been reported that in severely chromatolysed motoneurones 
the EPSP’s are reduced in size and often have superimposed small irregular 
action potentials that probably arise in highly excitable patches momentarily 
appearing on the soma and dendrites (Eccles et al. 1958). When the motor 
axons are severed peripherally in the muscle nerves, the motoneurones also 
show the histological changes characteristic of chromatolysis, but in general 
to a much less degree or even none at all (Buzzard & Greenfield, 1921; Bucy, 
1928); correspondingly, the responses of these motoneurones were less ab- 
normal. However, the EPSP’s appeared to be reduced in size and superim- 
posed partial responses were not infrequent (Fig. 5B, C). 
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Just as with normal motoneurones, the post-tetanic potentiation of syn- 
apses activated from the operatively severed nerves was much greater than 
with normal synapses, as may be seen by comparing Fig. 5E, F with B, C. It 
will be noted that in Fig. 5 F the potentiated EPSP generated a spike potential 
after the very long latency (up to 2-3 msec after arrival of the afferent volley 
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Fig. 5. Recording from an ST motoneurone 15 days after section of the long semitendinosus (LST) 
nerve—A and D show the post-tetanic potentiations following 10 sec stimulation at 400 c/s 
and measured by the slopes of the EPSP’s as in Fig. 3B. Two successive series are plotted 
for each curve. Curve A is for the control afferent path, short semitendinosus nerve (SST); 
specimen records B and C being respectively the control EPSP and the EPSP at maximum 
potentiation. Curve D is for the severed afferent path (LST); specimen records of control and 
potentiated EPSP’s are shown in Z and F. Same potential and time scales for all inset records. 


TaBLE 1. Post-operative changes in post-tetanic potentiation of EPSP’s 
Maximum post-tetanic potentiations 


(Pooled results) 
Number Normal Severed A — 
Days of afferent afferent Normal Severed 
post- moto- (mean (mean (mean (mean 
Motoneurones operative neurones 8.E.M.) $.E.M.) 8.E.M.) S.E.M.) 
Normal 13-25 12  2-8140-19 
Chromatolysed 13-25 21 1-624. 0-052 2610-14 1-6540-042 2-68+0-068 
ormal 33-39 15 1-7440-055 2-18+ . 
Chromatolysed 33-39 18 2-4740-10 17540060 23540073 
6 23 40-040 1-614.0-055 
10 10 — 11240-0683 2-054.0-085 
chromatolyeed {13 8 — 18640-0098 2-5440-21 


at the cord) characteristic of chromatolysed motoneurones. The time course of 
the post-tetanic potentiation produced by the standard conditioning tetanus 
(400 ¢/s for 10 sec) is shown in Fig. 5A for the control normal synapses and 
in Fig. 5D for the synapses belonging to the severed afferent nerves. The 
results of two tetani are shown in each case; there was adequate time for re- 
covery between the two tetani to any one afferent. The curves for the chromato- 


iysed motoneurone closely parallel the curves for normal motoneurones 
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(cf. Fig. 3B). Not only was the maximum potentiation of the EPSP 
evoked by the severed afferent pathway larger (2-45:1-48), but it declined 
more slowly, the respective times of decline to half values being 50 sec and 
30 sec. Finally, there appeared to be a small residual potentiation. 

Table 1 summarizes the measurements made on twenty-one chromatolysed 
motoneurones 13-25 days after operation. The maximum post-tetanic poten- 
tiation of the EPSP’s evoked by normal afferent pathways had a mean value 
of 1-62 (s.z. + 0-052), which was not significantly different (P > 0-25) from the 
mean value of 1-69 (s.z. + 0-072) for the EPSP’s evoked by these pathways on 
normal motoneurones. Correspondingly, the potentiation of EPSP’s evoked by 
severed afferent nerves, with a mean value of 2-61, was not significantly different 
(P>0-25). It is therefore justifiable to pool the two series, as shown at the 
right of Table 1; this gives mean potentiation ratios of 1-65 and 2-68 for 
EPSP’s evoked by normal and operatively severed afferent lines on the thirty- 
three motoneurones tested at 13-25 days post-operatively, which is a highly 
significant difference (P < 0-001). 


Investigations after longer post-operative intervals 

When the post-operative interval was as long as 33-39 days, stimulation of 
several of the severed nerves caused contraction of their corresponding muscles, 
i.e. there was functional motor regeneration. There may also have been a 
functional regeneration of the afferent fibres to their receptor organs, but no 
attempt was made to investigate this possibility. 

In most cases post-tetanic potentiation was much larger for the EPSP’s 
evoked by the severed afferents. However, with seven of the thirty-three 
motoneurones the post-tetanic potentiation was not very different (within 
10%), as in Fig. 6B, C and FE, F, where the time course of the potentiation 
also was not much changed (Fig. 6A and D). It is of interest that in different 
motoneurones (normal and chromatolysed) the same normal and severed 
afferent pathways exhibited very divergent behaviour. For example, with two 
other gastrocnemius motoneurones in the same experiment as Fig. 6, the post- 
tetanic potentiation of the EPSP’s was as usual much larger for the severed 
path (3-0:2-08 and 2-07: 1-52), and one other (with ratios 1-95: 1-96) resembled 
that of Fig. 6. 

Apart from a possible regression of chromatolytic changes (Bucy, 1928). 
an attractive explanation of the exceptional observations of similar post- 
tetanic potentiations is that there has been functional regeneration of the 
severed afferent pathway, with the result that the synapses have been nor- 
mally activated for some time. The discrepancies between different moto- 
neurones could be attributed to the recovery of some only of the afferent 
fibres, certain motoneurones being activated almost exclusively by the re- 
covered fibres. This postulate of functionally recovered afferent pathways 
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could be tested by investigating at still longer post-operative intervals, when 
a larger proportion of recovered afferent paths would be expected. It should 
also be possible to prevent functional regeneration during a relatively pro- 
longed period by taking special precautions or by severing again the regenerating 
nerves. 
Investigations after shorter post-operative intervals 

In a few-efperiments the experimental testing was performed at shorter 
post-operative intervals in order to gain information on the time course of 
development of the changes fully exhibited after 13 days. As is shown in 
Table 1, there was no significant increase (P > 0-1) in the post-tetanic potentia- 
tion at 6 days, but at 10 days post-operatively almost half the maximum effect 
had been attained (P =0-005). 
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Fig. 6. Intracellular recording from a medial gastrocnemius (MG) motoneurone 35 days after 
section of the MG nerve. A and Dare curves as in Fig. 5 with corresponding inset records. 
A, B, C are for the normal afferent path, the nerve to lateral gastrocnemius and soleus (LGS), 
while D, FE, F, are for the severed path, MG. Same time and potential scales for all traces. 


Investigations with variations in the conditioning tetani, and in the testing 
for potentiation 

The standard conditioning tetanus of 400 c/s for 10 sec was chosen because 
it is well within the range that gives maximum potentiation (Lloyd, 1949; 
Kecles & Rall, 1951). With a longer tetanus, e.g. 30 sec, the maximum poten- 
tiation of the EPSP’s was unchanged for both normal and severed pathways, 
but it was reached later and the decline was slower. With briefer conditioning 
tetani, e.g. 2 sec, the maximum potentiation was lower and the decline faster. 

There is evidence in Figs. 2, 3 and 5 that synapses of the severed afferent 
pathways exhibited a small residual potentiation for several minutes after 
the conditioning tetanus, that is, at a time when there was often a post-tetanic 
depression of the control synapses. This residual potentiation of EPSP’s 
would account for the residual potentiation of monosynaptic reflexes observed 
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after comparable post-operative periods (Eccles & McIntyre, 1953). A further 
possible correlation is that the severance of the afferent nerves causes a 
regression of synaptic function over several days (see Discussion) simply 
because there is a deprivation of the cumulative effects of the residual poten- 
tiations following bursts of normal activation from the peripheral receptor 
organs. In a few motoneurones the conditions of recording have been stable 
for such a prolonged period that it was possible to test for this postulated 
summation of residual potentiations. For example, in Fig. 7, seven tetani of 
400 c/s for 10 sec were repeated at intervals of about 150 sec. There was no 
evidence of any residual potentiation in the decline of the last of this series. 
After 7 min the EPSP had declined to the initial value and remained virtually 


| 


Min 
Fig. 7. Plotting of a series of post-tetanic potentiations for the same neurone as in Fig. 3, and for 
the heights of the EPSP’s generated by volleys in the severed afferent pathway, as in Fig. 34. 
The conditioning tetani, each 10 sec at 400 c/s, are shown by the hatched columns. The 
occasional circles with inset crosses show the control EPSP of the other afferent path in 
order to check the stability of the EPSP responses of the motoneurones. 


unchanged during a rest period of 30 min. A final conditioning tetanus was 
followed by a potentiation that did not differ significantly from the initial series. 

The absence of a cumulative residual potentiation in Fig. 7 contrasts with 
the experiments on monosynaptic reflexes (Eccles & McIntyre, 1953). How- 
ever, it should be pointed out that reflexes should provide a more delicate test 
of small residual changes in synaptic function than do EPSP’s even under 
very stable conditions of intracellular recording. 


DISCUSSION 
Sizes of EPSP’s evoked from severed afferent nerves 
The experiments have been designed so that the monosynaptic EPSP pro- 
duced by a volley in a severed afferent path can be compared with the mono- 
* synaptic EPSP produced in the same motoneurone by a volley in a norma! 
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afferent path. When any synergic nerve pair is investigated in normal animals, 
there is a considerable variation in the relative sizes of the EPSP’s produced on 
the same species of motoneurones (Eccles et al. 1957); but when the ratios are 
determined for a considerable number of motoneurones, for example, ten or 
more, the mean ratio becomes highly significant. Unfortunately, normal mean 
ratios have been determined only for one of the nerve pairs used in the present 
research, the gastrocnemius-soleus group. Thus calculations based on Table 3 
of Eccles et al. (1957) and other, unpublished, data, show that a volley in the 
medial gastrocnemius (MG) nerve evoked an EPSP in LGS motoneurones 
which was on the average 0-51 times that produced by an LGS afferent volley, 
whereas in the reciprocal investigation on MG motoneurones the MG afferent 
volley had an effectiveness 2-3 times that of the LGS afferent volley. 

In the present experiments the EPSP’s evoked by MG afferent volleys, that 
is, by the severed afferent path, can likewise be expressed relative to the EPSP’s 
produced by LGS volleys on the same motoneurones. For example, at 13- 
25 days after dividing the MG nerve, an afferent volley in that nerve produced 
EPSP’s in LGS motoneurones which had a mean value only 0-24 times that 
evoked by an LGS afferent volley, which is about half of the normal ratio 
(0-51). Correspondingly, the MG volley was also less effective on MG moto- 
neurones, for it evoked an EPSP with a mean value of 1-2 times that produced 
by an LGS afferent volley, in contrast to the normal ratio of 2-3. Thus the 
MG synapses have only about half the effectiveness of normal MG synapses 
when measured relative to the normal LGS synapses both on normal (LGS) and 
chromatolysed (MG) motoneurones. The value so calculated for relative 
synaptic efficacy has been plotted as the dotted line in the middle of Fig. 8A 
and B, from 13-25 days. It is also shown by the dotted line at 10 days post- 
operatively that synaptic function is depressed less (to about 70%), but after 
33-39 days the dotted lines indicate some recovery, at least for the synapses 
on LGS motoneurones (A). 

Figure 8 further shows that during the maximum post-tetanic potentiation 
of synapses belonging to the severed and normal afferent paths, the former 
synapses recover about half of their lost potency, for example, in the 13-25 days 
series from a mean value of about 50% to about 70%. This is, of course, 
merely a corollary of the larger post-tetanic potentiations exhibited by the 
severed afferent pathways. 

With the three other synergic pairs the normal ratios have not been mea- 
sured; hence it was not possible to evaluate the effects of operative severance as 
in Fig. 8. However, the sizes of the EPSP’s relative to the control normal values 
also suggested that synaptic efficacy was depressed to about half at 13-39 days 
after nerve severance. From Fig. 8 it seems justifiable to assume that the in- 
crease in the post-tetanic potentiation of synapses activated from the severed 
afferent paths provides an approximate measure of their depressed function. 
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Post-tetanic potentiation 
In the histogram of Fig. 9 the shaded areas show the mean increase in the 
post-tetanic potentiation up to the thirteenth day after severance of peripheral 
axons, and the recession at 33-39 days post-operatively (cf. Table 1). It will 
be noted that the mean post-tetanic potentiation of the control afferent 
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Fig. 8. Delayed reduction in mean synaptic efficacy of afferent volley in nerve from medial 
gastrocnemius (MG), at various times after peripheral severance. EPSP’s evoked in same 
motoneurones by maximal monosynaptic stimulation of severed (MG) and normal lateral 
gastrocnemius-soleus (LGS) nerves were first compared. Relative efficacy of severed (MG) 
nerves was then calculated by further comparison of mean ratios so obtained with cor- 
responding normal ratios estimated in experiments in which both MG and LGS nerves were 
intact. Arrows point to higher levels of synaptic efficacy at peaks of post-tetanic potentiation, 
calculated as above (except at 6 days). Separate estimates of synaptic efficacy of MG 
nerves were made, based on EPSP’s recorded in LGS motoneurones (A), and in MG moto- 
neurones (B). Note small and irregular changes at 6 days, and gradual recovery of synaptic 
efficacy at 33-39 days. 


paths (indicated by the unshaded area) shows no significant trend over the 
whole period, the minimum value being 1-53 and the maximum 1-75 (Table 1). 

The change in the post-tetanic potentiation of synapses in Fig. 9 has 
approximately the same time course as that for the progressive depression of 
their function after operative severance (Fig. 8). Using this criterion the 
depression was fully developed in the eight motoneurones investigated at 
13 days post-operatively (Table 1) with a mean potentiation ratio of 2°54 
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S\ (control ratio, 1-56), but was only about half developed at 10 days (ten moto- 
neurones), and was not significant at 6 days (twenty-three motoneurones). 


Actiwation and efficacy of excitatory synapses 


u 5 10 15 20 25 30 35 Days 

Fig. 9. Histogram showing mean post-tetanic potentiations for the control afferent paths (dotted 
line) and for the severed afferent paths (continuous line). The shaded areas represent the 
additional potentiations attributable to the nerve severance. The results of all experiments 
are pooled into the four post-operative periods shown on the abscissa (cf. Table 1). The 
results for chromatolysed and normal motoneurones are also pooled for each period, as is 
shown in the right-hand portion of Table 1. 


the peripheral section of their axons. Such peripheral section certainly causes 
a central shrinkage of both the motor and sensory axons (Greenman, 1913; 
Gutmann & Sanders, 1943; Weiss, Edds & Cavanaugh, 1945; Sanders & 
Young, 1946; Sanders & Whitteridge, 1946; Eccles & McIntyre, 1953; 
Szentagothai & Rajkovits, 1955). In our present experiments this axonal 
shrinkage was also suggested by the invariable diminution of conduction 
velocity of both the motor and sensory axons (cf. Eccles & McIntyre, 
1953); the mean diminution was about 25% relative to the control member 
of the synergic pair. This observation is not necessarily in conflict with the 


Before discussing the possible general significance of the present results in . 
relation to the possible effect of use on synaptic efficacy, it should be pointed 
out that the operatively severed afferent paths may have a depressed synaptic : 
action as a consequence of shrinkage of their synaptic knobs brought on by 
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finding of Sanders & Whitteridge (1946) that the conduction velocity was 
10-15% faster in the central stumps of severed nerves, for their observations 
were made at 56-123 days post-operatively, whereas 39 days was the maximum 
period in the present experiments. It is especially relevant that Szentagothai 
& Rajkovits (1955) have found that the synaptic knobs in the intermediate 
zone of the L6 level of the spinal cord were significantly smaller when the 
limb nerves had been severed some 5 months before in the 6-day-old animal 
and precautions had been taken to prevent regeneration. However, most of 
these investigations on nerve fibres and synaptic knobs were made at much 
longer intervals after the initial nerve section, and the indications are that the 
changes would be much smaller at the briefer intervals of the present investiga- 
tion, particularly at 13 days, when the depressed efficacy was already fully 
established. For example, Gutmann & Sanders (1943) found that the shrink- 
age was much greater at 100-days than at 50 days, which was their earliest 
observation, and the small size of the synaptic knobs (Szentagothai & Rajko- 
vits, 1955) is more properly attributed to stunted growth than to a shrinkage. 

It is certainly desirable to design an experiment in which disuse occurs 
uncomplicated by the shrinkage that arises secondarily to the operative 
severance of the afferent fibres. It has, however, not yet been possible to 
produce a virtually total silence of the afferent fibres without severing them. 
Nevertheless, experiments by Szentagothai & Rajkovits (1955) suggest the 
possibility that disuse may itself cause a regression of synaptic function on 
account of fibre shrinkage. In a young animal (7—14 days old) the long bones 
were excised without injuring the nerves to one hind limb, which consequently 
could no longer be effectively used. Some months later both motor and sensory 
fibres were found smaller than in the control limb. However, this deficiency 
may again be the result of stunted growth. Moreover, the present results 
differ in several respects from the depression of synaptic function that would 
be expected to occur with a simple shrinkage. There is, first, the great increase in 
post-tetanic potentiation, and secondly, its slower decline (Figs. 3-5). Finally, 
there is the prolonged residual potentiation which can be observed even at a 
time when normal synapses are exhibiting a post-tetanic depression (Figs. 3, 5). 

On account of these differences it may provisionally be assumed that the 
depression of synaptic function is at least partly due to disuse (cf. Eccles & 
McIntyre, 1953). Besides thus confirming this earlier work in which synaptic 
function. was tested by reflexes, the present experiments make quantitative 
estimates of synaptic function possible and also reveal the time course of the 
onset of the depression of function. 

If 10-13 days of inactivity causes a depression of synaptic function, it 
follows that the normal activation of the synapses by receptor organs causes 
an increment of synaptic function that persists for 10-13 days. It may now 
be asked, ‘Why is this prolonged increase not evident after the periods o/ 
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intense activation provided in the present experiments, and particularly in 
experiments such as thai of Fig. 7, where there were many periods of intense 
activation?” A partial answer may be provided by comparison of the number 
of impulses involved in the day-to-day activation of synapses and in our 
experimental stimulations. Under ordinary conditions of activity with the 
background activation of muscle spindles, a frequency of 20 c/s is probably 
an underestimate of the mean frequency of discharge of an annulospiral 
ending (cf. Granit, 1955); nevertheless, there would be more than 10* dis- 
charges in 14 hr. Compared with that figure the 4000 impulses in one of our 
conditioning tetani are negligible and in Fig. 7 the total would still be only 
36,000 impulses during the total period of one hour. Another factor could be 
the frequency of activation of the synapses. The high frequencies are extremely 
effective in producing potentiations lasting for a few minutes, but the low 
frequencies characteristic of the usual level of receptor organ discharge may be 
more efficacious in producing potentiations persisting for days. 


SUMMARY 


1. Nerves to muscle have been severed peripherally by an initial aseptic 
operation and the resulting changes in synaptic function have been tested by 
intracellular recording from motoneurones usually 13-25 days later, but also 
after shorter and longer periods. 

2. Since only one nerve of a pair supplying synergic muscles was severed, 
it was possible to compare the monosynaptic EPSP’s evoked in the same 
motoneurone from operatively severed and normal afferent paths. 

3. After 13-25 days synaptic function was depressed by about half. Re- 
covery was sometimes observed at 33-39 days post-operatively, but this could 
be due to peripheral regeneration of the afferent fibres. There was no significant 
depression of synaptic function at 6 days, but it was about half developed after 
10 days. 

4. Post-tetanic potentiation of synapses activated from the severed nerves 
was much increased, from a mean valu: <f 1-64 to 2-68. For the different 
post-operative periods this increased potentiation paralleled the depression of 
synaptic function. The decline of the potentiation was abnormally slow and 
there was sometimes evidence that a slight residual potentiation persisted for 
as long as 15 min. 

5. All these effects of peripheral nerve section were observed equally well 
in normal motoneurones and in those motoneurones that were chromatolysed 
on account of the original operation. a 

6. The significance of these results is discussed in relation to the possibility 
that the original nerve section caused chromatolysis of the dorsal root ganglion 
cells and probably shrinkage as well as disuse of the primary afferent fibres. 


> 
i 


220 J. C. ECCLES, K. KRNJEVIC AND R. MILEDI 


Buoy, P. C. (1928). Studies in degeneration of peripheral nerves. J. comp. Neurol, 45, 129-159. 

Bozzarp, E. F. & Greenrrecp, J. G. (1921). Pathology of the Nervous System. London: Constable. 

Casau,8.R. (1911). Histologie du Systéme Nerveux de Vhomme et des Vertébrés. Vol. 11, pp. 887-890. 
Paris: Maloine. 


Koons, J. C. (1953). The Newrophyeiological Basis of Mind. The Principles of Neurophysiology. 


tory afferents on to many different species of alpha motoneurones. J. Physiol. 137, 9-50, 

Ecciss, J. C., Laser, B. The behaviour of chromatolysed motoneurones 
studied by in intracellular recording. J . Physiol. 143, 11-40. 

Ecouzs, J. C. & Mciwryraz, A. K. (1953). The effects of disuse and of activity on mammalian 
spinal reflexes. J. Physiol. 121, 492-516. 

Effects induced in a monosynaptic reflex path by its activation. 
J. Neurophysiol. 14, 353-376. 

Grant, R. (1955). Receptors and Sensory Perception. New Haven: Yale University Press. 

Greenman, M. J. (1913). Studies on the regeneration of the peroneal nerve of the Albino rat: 
number and sectional areas of fibers: area relation of axons to sheath. J. comp. Neurol. 23, 
479-513. 

— E. & Sanpers, F. K. (1943). Recovery of fibre numbers and diameters in the regenera- 

tion of peripheral nerves. J. Physiol. 101, 489-518. 

Hess, D. O. (1949). The Organization of Behaviour. New York: John Wiley and Sons. 

Jona, R. (1953). Neurophysiologie. In Handbuch der inneren Medizin. Berlin, 
Géttingen, Heidel 


Kownorsxt, J. (1948). and Cambridge University 


Koworsx1, J. (1950). The mechanisms of learning. Symp. Soc. exp. Biol. 4, 409-431. 

Lxoyp, D. P. C. (1949). Post-tetanic potentiation of response in monosynaptic reflex pathways of 
the spinal cord. J. gen. Physiol. 33, 147-170. 
Sanpers, F. K. & Wurrrerier, D. (1946). Conduction velocity and myelin thickness in re- 

nerve fibres. J. Physiol. 105, 152-174. 
Sanpers, F. K. & Youna, J. Z. (1946). The influence of peripheral connexion on the diameter of 
regenerating nerve fibres. J. exp. Biol. 22, 203-212. 
Szewtacoraal, J. & Rasxovrrs, K. (1955). Die Rickwirkung der spezifischen Funktion auf die 
Struktur der Nervenelemente. Acia morph., Ung., 5, 
Toxznniges, J. F. (1949). Die Erregungssteuerung im vensyst Arch. Psychiat. 
Nervenkr. 182, 478-535. 


Wess, P., Epps, M. V. & Cavanavan, M. (1945). The effect of terminal connections on the 
caliber of nerve fibers. Anat. Rec. 92, 215-233. 


. 
| 
4 
‘ 
+ 
- 
> 
an 
» 


= 


5 8°? € SFE 


J. Physiol. (1959) 145, 221-224 


THE LOSS OF POTASSIUM FROM ISOLATED RABBIT ATRIA 


By P. J. GOODFORD 
From the Department of Pharmacology, University of Oxford 
(Received 6 August 1958) 


Though studies on tissues suspended in an isolated organ bath have been made 
for upwards of sixty years, there is little information about the changes which 
occur in the tissues during the period of suspension in the bath. Some years 
ago Bilbring & Burn (1949) observed that when rabbit atria were allowed to 
beat continuously, the contractions became less frequent after an interval 
varying from 26 to 40 hr and finally stopped. When acetylcholine (ACh) was 
added to the bath, the contractions started again. In seeking an explanation 
of this effect it was decided to study the intracellular potassium to see if this 
fell during the period before the atria ceased to beat. The concentration of 
potassium was therefore determined in a series of atria beating in Locke’s 
solution for different lengths of time. 


METHODS 


Small rabbits from 1-2 to 1-5 kg were stunned and bled from the carotid arteries. The atria were 
dissected, set up in a 50 ml. isolated organ bath at 35° C and attached to a straw lever. In those 
experiments lasting longer than an hour penicillin 5 mg and streptomycin 5 mg were added to 
each 100 ml. of Ringer-Locke solution. This contained (g/l.): NaCl 9, KCl 0-42, NaHCO, 0-5, 
CaCl, 0-24, dextrose 2; it was saturated with oxygen. 

Potassium was determined in twenty-nine pairs of atria. These were removed from the bath, 
dried with filter paper, and weighed to determine the wet weight. They were then dried at 110° C 
to constant weight, and re-weighed when cold to give the dry weight. Concentrated sulphuric 
acid 1 ml, and concentrated nitric acid 1 ml. were normally sufficient to dissolve a pair of atria. 
It was sometimes necessary to add a few drops of hydrogen peroxide. A.R. reagents were used. 
The solutions were diluted with 25 ml. water, similar standards were prepared, and potassium 
was determined by using a Beckman spectrophotometer, at a narrow slit width. 

The potassium in the muscle has been expressed as mg-molecules K/kg intracellular water 
(m-molal). To obtain this value the total extracellular potassium was first calculated using Rayner 
& Weatherall’s (1957) figure for the inulin space of 44 ml./100 mg wet weight. It has been assumed 
that the remaining potassium was dissolved in the intracellular water, which was calculated as 
the difference between the total and the extracellular water. 
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RESULTS 
| Fall in intracellular potassium 
Experiments were carried out to observe the change in intracellular potassium 
when atria were allowed to beat for different periods. The results are given in 
Table 1. Four groups of atria were examined. Those of the first group were 
allowed to beat for 1 min only; they were then removed from the bath. These 
atria were found to contain the highest intracellular potassium, approximately 
170 m-molal. Those of the second group were allowed to beat for 1 hr, and at 
the end of this time the intracellular potassium had fallen to 140 m-molal. 


TaBieE 1. Potassium determinations on rabbit atria beating freely in Ringer—Locke 
solution at 35° C 


Intracellular 
_. Number of Wet wt. potassium 
Duration of experiment experiments Dry wt. (m-molal) 
1 min 4 6-20 167 
lhr 8 6-20 140 
48 hr 5 6-75 73 
Until beating 5 64 57 
(28~70 hr) 
Until beating x” 7 5-13 92 
(9-24 hr) 


The third group was not examined until the end of 48 hr, when the potassium 
had fallen to 73 m-molal. Thus the rate of fall between the end of the first 
hour and the end of 48 hr was much less than the rate of fall during the first 
hour. The fourth group in Table 1 consisted of atria which were taken from 
the bath when they had ceased to beat. The time varied from 28 to 70 hr 
before this happened, the mean time being 52 hr. The potassium had fallen to 
the low value of 57 m-molal. 

A fifth group was examined when the atria had stopped beating in dextrose- 
free solution. This occurred after a shorter time, which varied from 9 to 24 hr, 
the mean time being 20 hr; the potassium had fallen to 92 m-molal. In these 
the ratio of wet weight to dry weight was lower than in the preceding groups, 
and the extracellular space may have been different. If so the calculation of 
the intracellular potassium concentration was subject to error. 


DISCUSSION 


The main result of this investigation is that when the atria of the rabbit 
heart are suspended in a bath and continue to contract they lose potassium. 
This loss was found to occur at a greater rate in the first hour than during the 
next 47 hr. It produced changes in the potassium equilibrium potential and 
so in the membrane potential. ~ : 
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The potassium equilibrium potential may be calculated from the formula: 


RT 


a, 
In- 
where R=the gas constant, 
T =the absolute temperature, 
n=the number of ionic changes on a potassium ion, 
F = Faraday’s constant, 
a, =the activity of the intracellular potassium, 
a,=the activity of the extracellular potassium. 
If the appropriate values of the natural constants are inserted, and a change 


is made to the base 10 for logarithms, this formula becomes: 
60 log w! mV 
which =C+601 = 
K, 
where K;= molality of intracellular potassium, 
K,=molality of extracellular potassium, 


and (=a small constant determined by the ratio of internal and external 
activity coefficients for potassium. 


At the end of the first hour the membrane potential may be calculated as 


C +60 55 84 mV, 
a result whose absolute value depends upon C and the inulin space. After 
48 hr the membrane potential would have fallen to 67 mV according to this 
calculation, and in those atria which ceased to beat spontaneously, it would 
have fallen to 60 mV. Marshall (1957) observed that in rabbit atria which were 
cooled there was an abrupt disappearance of the conducted action potential 
* when the diastolic membrane potential fell below 60 mV. 

The arrest of contractions can therefore be related with confidence to this 
fall of the membrane potential. It is not surprising that in the experiments of 
Biilbring & Burn (1949) ACh caused the beating to start again, since it is 
known to raise the membrane potential. This rise occurs because the membrane 
becomes more permeable to potassium (Harris & Hutter, 1956) and the 
potential approaches more nearly the potassium equilibrium potential. It is 
true that ACh has been shown to increase the rate of depolarization, presum- 
ably by assisting the sodium-carrier mechanism (Vaughan Williams, 1958). 
However, the rise in membrane potential will itself cause such an increase in 
the rate of depolarization (Weidmann, 1955), and it is still an open question 
whether ACh has any direct action on the sodium-carrier mechanism. 
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The loss of potassium from atria beating in Locke’s solution is evidence that 
although contractions can be maintained for many hours, the atria are at a 
disadvantage, since the potassium lost at each contraction is oly partly 
replaced. Probably there is an accumulation of sodium within the cell also. 
It seems likely that the supply of energy is insufficient for the needs of the 
‘pump’ which keeps the internal concentration of sodium low and that of 
potassium high. This is supported by the evidence that atria ceased to contract 
much earlier when suspended in a glucose-free solution. 


SUMMARY 

1. When atria are beating in Locke’s solution, there is a steady fall in the 
intracellular potassium. 

2. This fall is greatest in atria which are allowed to continue to beat until 
they cease spontaneously. In these the potassium was found to have reached 
a level at which the diastolic membrane potential would have been 60 mV; 
this is a potential below which impulses are not conducted. The cessation of 
the beat can therefore be confidently ascribed to the fall of membrane poten- 
tial consequent on the fall in internal potassium. 


3. The effect of acetylcholine in starting the beat again is most probably 
due to the rise in the membrane potential which it causes. 


This work was done during the tenure of a Fellowship given by the Smith, Kline and French 
Laboratories, for which I wish to express my gratitude. I wish also to thank Professor J. H. Burn 
for his guidance in this work, and Dr E. M. Vaughan Williams for the use of the Beckman 
spectrophotometer. 
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THE EFFECTS OF STILBOESTROL ON THE RENAL ACTIVITY 
OF CONSCIOUS DOGS 


By PAMELA DANCE, SYBIL LLOYD anp MARY PICKFORD 
From the Department of Physiology, University of Edinburgh 


(Received 1 August 1958) 


The results of many observations on a variety of species, including man 
(Dignam, Voskian & Assali, 1956; Preedy & Aitken, 1956), agree that oestro- 
gens cause Na and water retention, but there is little knowledge as to the 
mechanism of this retention. Moreover, few observations have been directed 
towards determining the action of oestrogens on the kidney. Thorn & Engel 
(1938) found that in male dogs a single dose of oestradiol caused a diminution 
of the excretion of water, Na and Cl lasting for 3 days. Selkurt, Talbot & 
Houck (1943) reported that oestradiol benzoate administered to normal dogs 
caused an increase of 13-23% in glomerular filtration rate. Since information 
was needed on the renal action (if any) of stilboestrol in dogs, it was decided to 
examine the effects of this substance on water and electrolyte excretion during 
water diuresis, and on glomerular filtration rate (¢.¥.R.) and renal plasma flow 
(n.P.F.). Some of the early results have already been briefly reported (Pickford, 
1956). 
METHODS 

The observations were made on twelve trained conscious bitches in which the dorsal perineum had 
previously been slit to facilitate catheterization of the bladder for the collection of urine. When 
under observation the dogs were lying down. All experiments were performed in the afternoon, 
the dogs having been given a hydrating dose of water 2} to 3 hr previously. Diuresis was induced 
by water given by stomach tube in doses ranging from 200 ml. for a dog of 8 kg to 350 ml. for a dog 
of 22 kg. Full details of the methods have already been published (Ali, Cross & Pickford, 1958). 
For estimation of a.¥.. and R.¥.P. creatinine and diodone were given subcutaneously 30-40 min 
before induction of water diuresis, as described by Brooks & Pickford (1958), and the mean clear- 
ance of these substances calculated from three or four samples of urine and of venous blood 
collected at the height of diuresis, as also described by Brooks & Pickford (1958). For estimation 
of serum electrolytes venous blood samples were always collected between 12.15 and 12.45 p.m. 

Operations on the pituitary and hypothalamus were performed transorally under sodium pento- 
barbitone anaesthesia. Diabetes insipidus was induced by transection of the supraoptico-hypo- 
physial tracts immediately posterior to the optic chiasma. The lesion produced was always checked 
by post-mortem examination of serial sections of the hypothalamus and pituitary. 

The animals were fed on a mixture of milk, bread and gravy and dried meat, the last sometimes 


being replaced by fish or rabbit meat. 
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Na and K were estimated by flame photometry, diodone by the method of Alpert (1941), crea- 
tinine in blood and urine by the methods of Rehberg (1926) and Folin (1914), respectively, and Cl 
by the method of Prout-Winter (Cole, 1919). 

The stilboestrol used was the diproprionate in oil (British Drug Houses i td.). It was admini- 
stered subcutaneously in doses which ranged from 0-014 to 0-07 mg/kg, and -vas given between 
5 and 7 p.m. on one day (zero day), or on two consecutive days (zero day and day 1). Thus, observa- 
tions made on day 1 were begun 18-19 hr after medication. 


RESULTS 
Control experiments 


The first requirement was to find a simple measure of electrolyte and water 
excretion by the kidney, against which the effect of stilboestrol could be tested, 
and the following system was adopted; for 1 hr during water diuresis the total 
output of water, and on a number of occasions of Na, K and Cl also, was esti- 
mated. The standard hour began 25-30 min after water ingestion, since by that 
time with few exceptions (Ali e¢ al. 1958) the dogs had settled down after 


TaBLE 1. Mean excretion of water, Na and K in standard hour of water diuresis in normal dogs; 
in brackets, extreme variations (+) from the mean. Doses of stilboestrol subsequently used 


Stilboestrol 
. No. of Water Sodium Potassium Dose Given 
Dog no. observations (ml.) (p-equiv) (u-equiv) (mg/kg) on days 

96 4 196 (10) 0-023 
104 3 230 (7) -— a= 0-014 0 
109 5 220 (11) a 0-033 0 
112 3 162 (6) — — 0-07 0, 1 
115 4 221 (9) 119 (24) 66 (8) 0-05 0, 1 
116 5 186 (15) 109 (15) 52 (2) 0-026 0,1 
117 4 242 (7) — — 0-029 0, 1 
118 4 280 (19) 100 (13) 27 (2-5) 0-031 0,1 
119 3 241 (29) 120 (20) 70 (5) 0-05 0, 1 
120 3 262 (8) 80 (17) 26 (2) 0-033 0,1 
121 8 238 (10) 108 (16) 45 (5) 0-047 0, 1 
124 6 252 (7) 117 (21) 65 (4) 0-035 0,1 
125 7 248 (20) 


* Ovariectomized. 


handling, and electrolyte excretion was steady or slowly falling. In the course 
of a large number of observations on the excretion of water by normal anoest- 
rous dogs, it was found that in the standard hour of water diuresis the daily 
fluctuations in water excretion did not differ by more than 8 % from the 
average in any dog, except in one excitable animal (No. 119) in which the 
variation was 12% (Table 1). Over the same period variations in excretion of 
Na and K were greater than that of water, both in any one dog and between 
different dogs, as may be seen in Table 1. However, a pilot experiment showed 
that, following the administration of stilboestrol, for a few days the:quantities 


of water and electrolytes excreted were depressed to such an extent that the . 


normal fluctuations became relatively unimportant. 


“~ 
> 
« 
~ 
| 
| 
¥ 


boestrol had a urine output slightly higher than normal during the standard 


. 0-023 mg/kg given to oné of the other nine dogs in which water excretio D WAS oh 
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The effect of stilboestrol on excretion during water diuresis 

Using the above arbitrary measure, the effect of stilboestrol on water and/or 
electrolyte excretion during water diuresis was studied in twelve dogs. In five 
of the twelve dogs the excretion of water alone was tested, and the response of 
one of the dogs was observed three times at intervals of 5 months and 1 month. 


itn 
4 Day2 
O—o Day 3 
1: 
0 Ww 


Time (min) 

Fig. 1. Effect of stilboestrol on water diuresis (dog 96). On zero day, 0-023 mg/kg stilboestrol. 
N,normal response to water, average of six curves ; the vertical lines show the greatest observed 
range of variation. On all occasions 250 ml. water by stomach tube-at zero time. On day 2a 
second dose of 250 ml. water at W. 


Figure 1 shows the curves of water diuresis in one dog (No. 96} when normal 
and on the 2nd and 3rd days after the administration of 0-023 mg/kg stil- 
boestrol, when the onset of diuresis was delayed and the maximal rate of urine 
flow lower than normal. On the 2nd day a second dose of water given 65 min 
after the first one was also poorly excreted. It is thus unlikely that the low 
excretion rate seen during the early part of the observation was due to inade- 
quate hydration. One other dog, given 0-014 mg/kg stilboestrol, responded by 
a similar marked reduction in the power to excrete water. The other ten dogs, 
which received doses varying from 0-023 to 0-07 mg/kg, showed a more 
moderate depression of water excretion. The results on all twelve dogs are 
summarized in Fig. 2 as pereentages of the normal average, in order to make 
comparison easy between dogs of different weight. Table 1 shows the doses of 
stilboestrol used. Three dogs which received 0-05, 0-033, 0-029 mg/kg stil- 


hour on the first day after injection (Fig. 2). The reason for this is unknown: 
the lowest dose given to one of these dogs, 0-029 mg/kg, was close to that of 


depressed on the first day. ~~ sie 
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ig. 2. Effect of stilboestrol on urine volume, and on excretion of Na and K in twelve dogs during 
standard hour of water diuresis. Three observations were made on dog 96, at intervals of 
5 months and 1 month; two observations were made on dog 116 with an interval of 6 months. 


The values are plotted as percentage of the normal average for each animal. (See Table 1 for | 
pormal variations and doses of stilbosstrol.) 
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In seven of the dogs, one of which had been ovariectomized (No. 121), Na 
and K excretion was studied as well as that of water, and in Fig. 2 these results 
also are summarized. In all animals the excretion of Na was reduced to a level 
below that of the lowest observed normal value; the reduction appeared within 
18-24 hr of the injection and persisted for a number of days. The excretion of K 
varied, being depressed in some dogs and not in others. The only dog in which 
K excretion was increased was the ovariectomized one, but there is nothing to 
show whether these two facts are causally related. In one dog Cl excretion was 
also estimated; it was found to change in parallel with Na. 


Tasie 2. Effect of stilboestrol 0-03 mg/kg on plasma Na, K and Cl, and on venous 
haematocrit of two normal dogs 


Haematocrit Na K Cl Haematocrit Na K 
Day (%) (m-equiv/l.) (%) (m-equiv/1.) 

0 47 128 5-0 108 54 129 5-3 104 
Stilboestrol Stilboestrol 

1 46-5 129 51 102 54 128 5-5 106 
Stilboestrol Stilboestrol 

2 46 133 5-2 116 54 127 5-6 112 

3 46 122 49 102 55 124 48 108 

4 47 116 5-2 112 54 123 4-5 110 

6 48-7 118 4-6 110 53 116 4-7 110 

7 47 141 5-4 104 — 126 57 112 


In two dogs in a different series of experiments, in which also water reten- 
tion followed stilboestrol administration, the plasma concentrations of Na, K 
and Cl were estimated and haematocrit readings made before, and until 7 days 
after, the injection of stilboestrol (Table 2). The normal values of Na, K and Cl 
in plasma on 7 consecutive days were within the ranges of 123-134, 4-6—5-3 and 
104-114 m-equiv/l., respectively. On the 6th day after stilboestrol plasma 
sodium fell below this range in both animals (Table 2) but otherwise no con- 
sistent changes occurred. Haematocrit readings did not change after admini- 
stration of stilboestrol. 

In two dogs, Nos. 121 and 124, vulval oedema was seen on the 2nd day after 
injection of stilboestrol, and on that day only blood was visible in the vagina. 
No vulval signs were noted in any of the other dogs. 


The effect of stilboestrol on saline diuresis 

An attempt was made to learn more about the mode of action of stilboestrol by 
noting its influence on the course of diuresis induced by the oral administra- 
tion of 1% NaCl solution instead of water. In these experiments the period of 
observation was not limited to 1 hr, but lasted for 100 or 120 min. Repeated 
observations were made on two dogs, and both reacted in the same way. After 
3 days of control observations one of the animals (No. 124) was given a single 
subcutaneous injection of 0-033 mg/kg stilboestrol. In the following 9 days 
seven tests were made. Observations were stopped after the 9th day because it 
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was clear that the dog could not easily excrete the saline solution and was 
becoming increasingly apathetic. From the 2nd to the 5th days inclusive the 
dog salivated excessively after the saline was given; thereafter salivation was 
not remarked. On the 7th day the vulva was swollen and on that day only 
some blood, visible on inspection, was present in the vagina. Representative 
examples of the excretory responses are shown in Fig. 3. Water excretion was 
depressed within 24 hr of injection of stilboestrol and became increasingly so 
till observations ended. Throughout this period the amount of Na excreted was 
about half that on control days, even though there was a slight rise in the 
maximal concentration of Na in the urine. The urinary concentration of K rose 
more than that of Na, so that except on the first day after injection its absolute 
excretion was hardly affected. Thus the kidney was able to concentrate Na and 
K to at least the same extent as before, but did not easily excrete water. 
Plasma concentrations of Na and K were regularly estimated during the period ; 
that of Na remained steady, but that of K fell slowly from 4-65 m-equiv/I. to 
reach 4-2 m-equiv/l. by the 9th day. The second dog (No. 125) was observed 
for 4 days, and it was clear that events were following the same course as in the 
first animal, namely, depression of excretion of water and Na. The experiment 
was not continued, since this dog too was becoming apathetic. None of those 
animals treated with stilboestrol which received water and not NaCl solution 
showed any sign of being unwell, and daily administration of saline to the dogs 
not treated with stilboestrol caused no abnormal symptoms. 


Effect of stilboestrol on dogs with diabetes insvpidus, and after removal 
of the posterior lobe of the pituitary 

Some observations were also made on two dogs with diabetes insipidus and on 
one whose pituitary posterior lobe alone had been removed. In these three dogs 
the diet was rigidly controlled before and during the periods of observation. 
After operation and before treatment with stilboestrol the volume of urine 
excreted in the standard hour varied rather more than normally; thus, in dog 
121 with diabetes insipidus the range from the average was + 15% (4 observa- 
tions), in dog 124 after posterior-lobectomy it was + 12% (6 observations), and 
in dog 125, with a pre-operative range of + 4%, after induction of diabetes 
insipidus it was +9°%, (6 observations). 

Figure 4 (A and B) shows that, in the ovariectomized dog No. 121, 6 and 8 
months after induction of diabetes insipidus the response to stilboestrol admini- 
stration was normal, in that the maximal rate of urine flow during diuresis was 
depressed (except on day 1 at 8 months). On the basis of the standard-hour 
measurement the reduction in urine volume was similar to that when the dog 
was normal, namely to 75 or 80% (compare Fig. 2). On the first occasion the 
depression lasted for more than 6 days, a longer time than normally, but 
recovery had occurred before the next observations were made 7 weeks later. 
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In the other dog with diabetes insipidus (Fig. 4C) water diuresis was not 
diminished by stilboestrol. It can also be seen in Fig. 4 that in all three dogs 
the maximal rate of urine flow was usually established sooner than before 
administration of stilboestrol, and that on most days diuresis developed 
rapidly. This was particularly the case with dog 125, 2 months after onset of 
diabetes insipidus (Fig. 4). In this dog the maximal rate of urine flow attained 
was greater than before stilboestrol, but the rate decreased relatively early, so 
that a standard-hour measurement would give the misleading impression that 
the excretion of water was unchanged by treatment. The effect of stilboestrol 
on water diuresis in dog 125 was not tested before induction of diabetes insipi- 
dus, but a large number of other observations gave no cause for belief that the 
dog was abnormal, and it seems unlikely that this one dog was an exception to 
the rule established in twelve other normal animals that stilboestrol depressed 
water excretion. In dog 124 (after posterior-lobectomy) water diuresis after 
stilboestrol was chiefly remarkable for its irregularity on different days; once, 
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Fig 4. For legend see opposite page. 
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Fig. 4. Effect of stilboestrol on water diuresis in two dogs with diabetes insipidus (D.J.) and one 
after posterior lobe removal (P.L.). A and B, dog 121 6 and 8 months, and CO, dog 125 
2 months after section of supra h hysial tracts; D, dog 124 6 months after posterior- 


lobectomy. N, —— 


average of 4, 2,6 ond 6  diureses, respectively, before stilboestrol. Stilb- 


oestrol given on days 0 and 1 in doses, 8, shown in appropriate section of graph. On all 
occasions, at zero time, 300 ml. water orally to dogs 121 and 124, and 350 ml. to dog 125. 
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on the 5th day, the peak rate of flow was clearly above that seen before treat- 
ment, and three times it was below it. 

When the diet was not rigidly controlled the excretion of Na and K varied in 
the three operated dogs to approximately the same extent as when they were 
normal, With the rigidly controlled diet, on three out of four occasions the dogs 
excreted about 0-5yequiv of Na and K during the standard hour of water 
diuresis (Fig. 5 Aa, B, C) but on the fourth occasion (Fig. 5.Ab) the rate of 
excretion of electrolytes by dog 121 was unaccountably higher. Unfortunately 
no tests were made on this dog during the 7 weeks between the two sets of 
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Fig. 5. Effect of stilboestrol on electrolyte excretion during standard hour of water diuresis in two 
dogs with diabetes insipidus (D.J.) and one after posterior lobe removal (P.L.). A, dog 121: 
a, at 6 months, andd, at 8 months after section of supraoptico-hypophysial tracts; B, dog 125 at 
2 months (note a different ordinate scale); C, dog 124 6 months after posterior lobectomy. 
N, electrolyte excretion on day before first dose of stilboestrol and after 3 days on rigidly con- 
trolled diet. On all occasions stilboestrol, 8, given on days 0 and 1; for doses see Fig. 4. 


observations. On the three occasions when electrolyte excretion was low, the 
effect of stilboestrol was to produce an increase in Na excretion (Fig. 5.Aa, B) 
or no change (Fig. 5C); it was only in the instance where Na excretion was 
higher (Fig. 5.4b) that stilboestrol produced a fall in Na excretion similar to 
that seen in norma! animals (see Fig. 2). Stilboestrol had a variable effect on K 
excretion, as may be seen in Fig. 5; Cl excretion was like that of Na. It is 
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impossible to say how far the differences between responses in these three 
animals were due to the fact that No. 121 was ovariectomized, or to differences in 
the nature of the operation; No. 121 was found at post-mortem to have a few 
healthy-looking ceils in the rostral part of the supraoptic nuclei. It is, however, 
clear that the effect of stilboestrol seen in normal animals was modified by 
operations on the hypothalamus. 

It was noticed in dog 121 at 8 months after induction of diabetes insipidus 
that vulval oedema was evident in the 3rd and 4th days after stilboestrol, and 
bleeding per vaginam was seen on the 5th day only. Dog 125, although it could 
excrete water rapidly, showed vulval oedema on the 3rd day and a little blood 
was visible in the vagina on the 4th day only. Dog 124 showed no apparent 
vulval reactions during the period of observation. 


The effect of stilboestrol on renal clearances 

The effect of stilboestrol on renal clearances of creatinine and diodone was 
determined in three normal dogs, Nos. 112, 116 and 124, and in the ovariecto- 
mized dog, No. 121. The four animals responded similarly, as may be seen in 
Fig. 6. There was a rise in R.P.¥., and in three of the dogs a more transitory rise 
in G.F.R. as well. The effect on the R.P.¥. persisted for a number of days. Despite 
the admitted variability of the values of renal clearances in normal animals, 
there is reason to believe that the increases shown in Fig. 6 were due to the 
administration of stilboestrol. First, as shown in column N to the left of Fig. 6, 
under standardized conditions the maxima recorded in these (and other dogs) 
never reached such high values as those found after stilboestrol; secondly, in 
the experience of one of the authors, when daily serial observations are made 
any variations in clearance values are irregular and not steadily ingravescent; 
and thirdly the results were alike in the four dogs to which stilboestrol was 
given. 

In the two dogs with diabetes insipidus clearance measurements were made 
during the post-operative phase, when stilboestrol caused an increase in Na 
excretion during diuresis. In both dogs the clearance values were higher on the 
2nd day than on any other during this period of observation (Fig. 7). This was 
the day on which, in dog 125, the peak rate of urine flow was unusually high 
(Fig. 40). There was no maintained rise in the x.P.F., such as occurred in normal 
dogs. It has been recorded that dogs with diabetes insipidus show clearance 
values that are more variable than those of normal animals (Shannon, 1942; 
Brooks & Pickford, 1958), and Nos. 121 and 125 were no exception, as is indi- 
cated by comparison of columns N in Figs. 6 and 7. Of the values found after 
stilboestrol, only the R.P.¥. of dog 125 on the 2nd and 3rd days and the G.F.R. 
of dog 121 on the 2nd day were clearly above the values noted in these animals 
before stilboestrol. Nevertheless, it is possible that the peak values seen were 
indeed due to stilboestrol, since they occurred in both dogs on the 2nd day, and 
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since the values before treatment and at the end of the observations were 
similar to each other and well below those of the 2nd day. In the dog subjected 
to posterior-lobectomy the spontaneous variations before medication were not 
as great as in the dogs with diabetes insipidus (compare Figs. 6 and 7), but this 
dog too, after operation, showed no sign of the steady rise in B.P.¥. which 
occurred when it was normal (Fig. 6). Like the other two, dog 124 showed 
higher values on the 2nd day than at other times. 
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Fig. 6. Effect of stilboestrol on renal clearances of creatinine and diodone in four normal dogs. 
Column WN shows values found on day before treatment began, and vertical lines indicate 
maximum and minimum values observed in controls: number of controls shown in brackets 
beside key on right. Stilboestrol, S, on days 0 and 1; doses as in Table 1. 


DISCUSSION 
These results are in agreement with those of Dignam et al. (1956) and Preedy & 
Aitken (1956) in man, and Thorn & Engel (1938) on dogs, and of many other 
workers on a variety of species, that oestrogens cause a retention of water and 
Na. The present work shows, in addition, that this action can be demonstrated 
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during water diuresis. Not all dogs reacted identically; in most of them stil- 
boestrol induced a moderate reduction in the power to excrete water, but in 
two animals the disability was severe for one day. In none of the dogs was 
recovery complete within several days. This prolonged action is not the 
property of stilboestrol only, since a similar slow recovery after oestradiol was 
noticed in man by Dignam et al. (1956). The retention of Na, like that of water, 
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Fig. 7. Effect of stilboestrol on renal clearances of creatinine and diodone in 2 dogs with diabetes 
insipidus (D.J.) and one after posterior lobe removal (P.L.). Column N shows values found on 
day before treatment began, and vertical lines indicate maximum and minimum values 
observed in controls: number of controls shown in brackets beside key on right. Stilboestrol, 
8, on days 0 and 1; doses as in Fig. 4. 


was maximal within 18-48 hr of treatment and was still present in the two dogs 
observed on the 4th day. Over the same period retention of K was minimal in 
some animals and more evident in others. Selkurt et al. (1943) found that a 
castrated male dog, like a normal dog, retained water and Na on treatment with 
stilboestrol. Similarly, in the present work an ovariectomized female responded 
to stilboestrol in the normal manner. In humans, too, neither castration nor 
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the post-menopausal state altered the response to oestradiol (Dignam et al. 
1956). The time after treatment when signs of water and electrolyte retention 
were maximal in dogs, namely 18-48 hr, is similar to the period in rats during 
which there is a marked increase in the water content of the tissues (Zucker- 
mann, Palmer & Hanson, 1950; Cole, 1952). In rats the tissue water returned 
to normal after 48 hr. There is no information about the tissue water in dogs, 
but the prolonged effects of stilboestrol treatment suggest that in dogs (and 
man) recovery is slower than in rats. 

Haematocrit readings were not affected by stilboestrol (Table 2) ; this finding 
appears to differ from that of Selkurt et al. (1943), but their results are probably 
related to the fact that they used large and repeated doses of oestradiol; in any 
case, they concluded that the changes in renal activity preceded the onset of 
anaemia. In that sense the present results are in agreement with theirs. 
Table 2 shows that the only change in plasma electrolytes was the fall in 
plasma Na on the 6th day after stilboestrol. In man, Dignam e¢ al. (1956) 
found no change in the plasma electrolyte concentration; with this Preedy & 
Aitken (1956) agree, but they obtained a reduction in total serum proteins and 
in the venous haematocrit, suggesting an increase in extracellular fluid volume. 
The varied results may depend either on the doses given or the species 
observed. 

The long-lasting effect of a single dose of stilboestrol was particularly well 
seen in the dogs in which saline diuresis was induced. The power to excrete 
water and Na steadily declined, although the kidney concentrated Na to a 
slightly greater extent than before treatment. On the other hand, K excretion 
was maintained by a higher than normal urinary concentration of this ion. 
The fact that the kidney concentrated as well as, or better than, in the normal 
animal in similar circumstances, and that the plasma Na concentration was 
unchanged, suggests that the main difficulty lay in excretion of water; but 
there is nothing to indicate whether the water was held by the tissues, or the 
kidney was unable to excrete it normally. 

Thorn & Engel (1938) found that even in the absence of the suprarenal glands 
oestradiol caused some water and Na retention, so that some factor other than 
adrenal cortical hormones must be taken into account. The present experi- 
ments suggest that the neurohypophysial system is in some way involved in 
the action of stilboestrol, since interference with it altered the response. Thus, 
after operation on the hypophysis stilboestrol did not always cause a diminu- 
tion in the urine volume in water diuresis (Fig. 4), sodium excretion might 
increase rather than decrease (Fig. 5) and the effects of n.p.¥. and G.¥F.R. were 
smaller than in normal animals (Fig. 7). 

The present results also show that stilboestrol does not affect water and 
sodium excretion to the same extent or for the same length of time (see Fig. 2, 
which shows the responses of normal dogs). Further, in the operated dog 
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No. 121, sodium and water were affected in opposite directions; for example, 
sodium excretion rose on one occasion and fell on another (Fig. 5.A) although 
the urine volume fell on both occasions (Fig. 4 Aa, b). It is unlikely that the 
initial level of sodium excretion can alone explain this observation. 
Measurements of renal clearances showed that stilboestrol caused some rise 
in G.F.R, a8 was found by Selkurt et al. (1943), but an even greater rise in R.P.F. 
The changed clearances, like the change in water and Na excretion, lasted for a 
number of days. The dogs which had undergone pituitary or hypothalamic 
operations showed some increase in the clearance values after treatment with 
stilboestrol which may perhaps be attributed to the drug, but the effects were 
more erratic than normal, and seemed to fade more rapidly. From their results, 
Selkurt et al. (1943) concluded that the alteration in clearance in normal dogs 
was not an integral part of the change in excretory activity. The present results 
reinforce this view, since alterations in electrolyte excretion sometimes pre- 
ceded changes in clearances; moreover, in diabetes insipidus, clearances and 
electrolyte excretion did not alter in the same sense. It follows from the work 
of Thorn & Engel (1938), of Selkurt et al. (1943) and from the present work that 
the effect of stilboestrol on renal function is not essentially dependent on a rise 
in G.F.R. OF R.P.F., or the presence of either adrenals or gonads, but that the 
response is altered by interference with the supraoptico-hypophysial system. 
The data presented do not indicate how far the kidney is directly affected by 
stilboestrol. 


SUMMARY 


1. The effect of stilboestrol on renal function was studied using conscious 
dogs; in particular, the excretion during diuresis of water, Na, K and Cl, and 
the renal clearances of creatinine and diodone. 

2. In normal dogs, and in one ovariectomized animal, stilboestrol caused a 
reduction in the amount of water and Na excreted during diuresis. This effect 
lasted for several days, but was especially marked on the first day following 
medication. No consistent alteration in plasma concentration of K was found, 
but twice the Na was low on the 6th day; the venous haematocrit was steady. 
Stilboestrol administration was followed by a rise in renal plasma flow which 
lasted some days, and a less marked rise in glomerular filtration rate. . 

3. For a few months following induction of diabetes insipidus the admini- 
stration of stilboestrol increased Na loss during water diuresis, and might also 
increase the rate of water loss. This effect lasted for several days. Renal clear- 
ances were raised to some extent, but not with the regularity seen in normal 
dogs. 

4. On administering stilboestrol to a dog whose pituitary posterior lobe 
alone had been removed, the changes in water and electrolyte excretion, and in 
the renal clearances of creatinine and diodone, were minimal. 
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5. It is concluded that the neurohypophysis is in some way concerned 
in the response to stilboestrol. It is not clear how far the kidney is directly 
affected. 
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Lewis & Grant (1925) showed that as the forearm temperature was lowered, 
reactive hyperaemia, which resulted from a short period of circulatory arrest, 
was reduced. Results presented in this paper confirm this observation. They 
indicate that reactive hyperaemia occurs both in skin and the deeper tissues, 
and that lowering the tissue temperature reduces reactive hyperaemia in 
both sites. A further series of observations has also been made to investigate 
the effect of cooling on the hyperaemia which follows a short period of rhythmic 
exercise of the forearm muscles. 


METHODS 


Forearm blood flows were measured with water-filled venous occlusion plethysmographs, using 
air transmission to float volume recorders. For observations on the warm limb, the plethysmograph 
was filled with water at 33-5-34-5° C. In order to cool the forearm, the plethysmograph was 
emptied and refilled with water at 10—12° C, allowing 20 min to elapse before blood flow recording 
was resumed. The remainder of the arm was exposed to air. A wrist cuff was inflated to above 
200 mm Hg 1 min before beginning a series of measurements (Kerslake, 1949). The collecting 
cuff encircled the arm just above the elbow and was inflated to 60-70 mm Hg to obtain inflow 
records. Recordings of forearm arterial inflow were made for 5 sec with a 5 sec interval between 
- successive measurements. 

During the experiments on reactive hyperaemia, 10-12 consecutive inflow traces were obtained 
and then a sphyg ter cuff, placed round the middle of the upper arm, was inflated 
abruptly to above 240 mm Hg. In this way the circulation was arrested for 5 min. At the end of 
this time the cuff was deflated and inflow recordings were continued until their slopes seemed to be 
approximately equal to those of the first set of flows. The same routine was followed for the exercise 
experiments, except that instead of the 5 min of circulatory arrest there was a 30 sec period of 

rhythmic exercise. 

Exercise was performed on the apparatus depicted in Fig. 1. The subject squeezed the, bulb 
(A), which expelled air into a vertically mounted 50 ml. syringe (B) via a brass pipe (P). This 
* Present address: Department of Medicine, Bristol Royal Infirmary, Bristol 2. 
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caused the plunger to rise; it reached the top of its traverse in approximately | sec, when the 
bulb was abruptly released. A shallow pan (C) was soldered to the top of the plunger, and the 
appropriate weight (D) was fixed in this pan. A foam plastic buffer (#) was arranged so as to 
prevent the plunger from hitting the bottom of the syringe when the bulb was released. A second 
syringe (F) was included in the air circuit to adjust the initial volume of air in the system so that 
the plunger just touched the top of the syringe at the limit of its traverse. This syringe could then 
be excluded by a tube clip (G). Most experiments were performed with the weight (D) equal to 
1-0 kg. The weight of the plunger and other moving parts was 200 g and the vertical distance 
moved was about 9 cm. Fifteen contractions were performed at 2 sec intervals. It was found 
that this amount of work could be performed comfortably by the subjects. No attempt was made 
to compare this with the maximum which the subjects could perform. 


Fig. 1. Diagram of the exercise machine, see text. 


Adrenaline iontophoresis was used to arrest, the skin circulation in some experiments. The 
technique used was that described by Cooper, Edholm & Mottram (1955). At the end of these 
experiments the arm was inspected and the state of the skin following 5 min circulatory arrest and 
after immersion in hot water was noted. An iontophoresis was accepted as satisfactory if the 
area of skin included in the plethysmograph showed piloerection and remained evenly blanched 
following these two tests. 

Muscle temperature was recorded in some experiments by means of a needle thermocouple 
inserted to a depth of 1-5-2-0 cm into the lateral aspect of the forearm 7 cm below the olecranon 
process. In other experiments a needle was inserted through the forearm and a couple, made of 
38 s.w.G. copper and constantan wires joined end to end, was threaded through the forearm. The 
needle was then removed and the junction left in the position already described. The thermo- 
electric potentials were measured with a galvanometer or a Pye recording microvoltmeter. 
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RESULTS 
I 
Both forearms were placed in plethysmographs and covered with water at 
33-5-34-5° C. Forearm blood flows were measured before and after a 5 min 
period of circulatory arrest. Then the left forearm within the plethysmograph 
was cooled by immersion in water at 12°C for 20 min and the procedure 
repeated. An example of this experiment is shown in Fig. 2. The blood flow 
response to a 5 min period of circulatory arrest with the two arms in warm 
water can be seen. The reactive hyperaemia on the two sides was similar in 
magnitude and duration. In the cooled forearm, in which the muscle tempera- 
ture fell to 19-20° C, the hyperaemia was considerably reduced, whereas the 
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Fig. 2. Forearm blood flows before and after 5 min arrest of the limb circulation. Right forearm, 
O, immersed at 33-5-34-5° C in both experiments; left forearm, @, at 33-5-34-5° C in upper 
experiment and 12° C in the lower. 
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response in the opposite or control forearm remained unchanged. Six similar 
experiments were performed with almost identical results in five, but in the 
sixth the reduction in reactive hyperaemia after cooling, though obvious, was 
smaller. The forearm hyperaemia following a 30sec period of circulatory 
arrest was greatly reduced in the cooled limb. 

Two experiments were done in which the skin circulation was arrested by 
iontophoresis of adrenaline. The effect of 5 min circulatory arrest on the fore- 
arm blood flow was observed twice at a water temperature of 34°C. At the 
end of the second series of flow measurements the forearm was removed from 


T “T T 
Occlusion 5 min 


Forearm blood flow (ml./100 mi. forearm/min) 


—2 -1 
Time (min) | 
Fig. 3. Forearm blood flow before and after 5 min occlusion of the limb circulation. @——@ and 
@---@ before iontophoresis with adrenaline, arm warm; x —— x after iontophoresis, 
arm warm; O——O after iontophoresis, arm cold. 


the plethysmograph, and was immersed in the iontophoresis chamber, which 
was kept at 34°C. When the adrenaline iontophoresis was finished, the arm 
was replaced in the plethysmograph as nearly as possible in the original 
position. A further reactive hyperaemia experiment was performed with the 
plethysmograph temperature still at 34° C. The forearm was then cooled and 
another series of blood flow determinations was made before and after 
5 min arterial occlusion. 

Figure 3 shows the results of an acceptable experiment. The two initial 
hyperaemias are almost identical, but after adrenaline iontophoresis the 
hyperaemia which follows circulatory arrest is much reduced. When the 
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forearm was cooled the reactive hyperaemia was again diminished. There 
was little absolute difference between the reactive hyperaemia in the cold 
forearm subjected to iontophoresis and the cold forearm which had not been 
treated. Control experiments showed that iontophoresis with the medium 
in which adrenaline was dissolved did not affect reactive hyperaemia. In the 
experiments in which adrenaline was successfully used no change in heart 
rate or blood pressure occurred. 


Forearm blood flow (mi./100 mi. forearm/min) 
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Fig. 4. (@) Forearm blood flow before and after 30 sec standard rhythmic exercise withthe 


arm warm. (6) Forearm blood flow before, O, and after, @, the same exercise, during the 
same experiment, with the arm cooled. 


Hyperaemia following rhythmic exercise 

In Fig. 4a the blood flows before and immediately following exercise 
are plotted against time. The exercise was performed as described under 
Methods and a 1-0 kg weight was used. Two consecutive experiments per- 
formed with the forearm in water at 34° C are illustrated. The hyperaemias 
are similar both in magnitude and duration. This order of reproducibility of 
results was a feature of all the experiments. Following the two observations 
shown the forearm was cooled and the blood flow before and after standard 
exercise was again recorded. Two sets of observations made at an interval of 
10 min with the forearm cold are shown in Fig. 4b. Again the hyperaemia 
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following exercise is reproducible under the cold conditions. Also, the increase 
in blood flow and its subsequent return to the resting level were almost identi- 
cal with that which occurred in the warm arm. Further examples of exercise 
hyperaemia are illustrated in Fig. 5. In this figure the mean of the resting 
blood flows has been subtracted from each measurement made subsequent to 
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Fig. 5. Forearm blood flow after 30 sec rhythmic exercise minus mean resting flow; @—@®, with 
the arm warm, and O—O with the arm cooled. Results from two subjects are shown. 
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Fig. 6. Forearm muscle temperatures before, during and after 30 sec rhythmic exercise. Upper 
trace with forearm immersed in water at 35° C, lower trace when forearm had been immersed 
in water at 12° C for 20 min before exercise. 


exercise. The curves therefore represent the excess flow after exercise over 
the mean resting level of forearm blood flow. The blood flow ‘repayment’ 
after rhythmic exercise is scarcely affected by reducing the muscle tempera- 
ture in the manner described. 

An example of the behaviour of the muscle temperature in both the warm 
and cooled limb during exercise is given in Fig. 6. Little change occurred in 
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the warm arm, but in the cooled limb there was a slight fall in temperature 
during exercise followed by a rise of about 0-8° C over the 3 min subsequent 
to exercise. These measurements were made with a wire thermocouple drawn 
right through the forearm so that the thermojunction lay 1-5-2-0 em deep in 
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Time (min) 
Fig. 7. Forearm blood flow minus mean resting flow after 30 sec exercise at constant rate 
with varying loads: @, 2-29, x, 1-64, A, 0-95 kg.m. 
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Fig. 8. Total blood flow excess after 30 sec exercise at constant rates but varying loads, plotted 
against the work performed. a, the mean of five experiments; b, the results from a single 


experiment. 
the forearm. Obliteration of the skin circulation by iontophoresis of adrenaline 
did not alter the excess blood flow following exercise over the resting level. 
That the hyperaemia was related to the severity of the exercise was demon- 
strated in the results depicted in Fig. 7. Five experiments were performed on 
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two subjects, at a constant rate of contraction, doing 0-95, 1-64 and 2-29 kg.m 
work, respectively. The areas beneath the hyperaemia curves bear an approxi- 
mately linear relation to the work (Fig. 8). 


DISCUSSION 


When the forearm was cooled, so that its muscle temperature was lowered 
by 10-15° C, reactive hyperaemia was reduced. This finding is in accord with the 
results of Lewis & Grant (1925). With the skin circulation arrested by adrena- 
line iontophoresis, and with the forearm warm, reactive hyperaemia fell short 
of that occurring in the warm untreated arm. This implies that reactive hyper- 
aemia occurs both in skin and in tissues deep to the skin, of which the great 
partis muscle. Comparison of the warm forearm subjected to iontophoresis 
with the cold untreated forearm indicated that after the limb had been im- 
mersed in cold water for 20 min very little blood flowed through the forearm 
skin, assuming that adrenaline iontophoresis effectively arrested the skin blood 
flow. Under these circumstances it was not surprising that arresting the fore- 
arm circulation for 5 min with the arm cold was followed by vasodilatation in 
the deep tissues but not in the skin. The hyperaemia thus evoked, was, 
however, less than that occurring in warm forearm muscle. 

The vascular response to rhythmic exercise differed in two ways from re- 
active hyperaemia. In the first instance, hyperaemia after exercise has been 
shown to occur solely in the tissues deep to skin. This statement is based on 
the failure to reduce the hyperaemia by adrenaline iontophoresis. Secondly, 
reduction in muscle temperature, as previously described, has little or no 
effect on the vasodilatation which follows rhythmic exercise. This hyperaemia 
is evoked by a local process, occurring in the exercised limb, since no con- 
current vasodilatation takes place in the opposite resting limb, but neither 
the stimulus for vasodilatation nor the receptor mechanism upon which it 
acts has been identified in man. Should this vasodilator stimulus remain 
unaltered or be reduced as a result of muscle cooling, then the profound fall in 
temperature can have little consequence on or even increase the response of 
the receptor mechanism. This might be so, but it would be inconsistent with 
the general behaviour of biological systems to a lower temperature. The cause 
of the vasodilatation is clearly not to be found in the change in muscle tem- 
perature, which is too small and can be explained in terms of influx of warm 
blood after the exercise. One of the several suggested vasodilator stimuli 
occurring as a result of muscular exercise is the accumulation of metabolic 
products within the working muscle. It is possible that the total metabolism 
of the muscle for a given amount of rhythmic exercise would increase as the 
muscle is cooled. This could be a consequence of the increased stiffness of the 


muscle and the increased viscosity of the synovial fluid bathing the tendons 


and joints. The accumulation of metabolites in the muscle for a given rhythmic 
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exercise would, on this hypothesis, increase as the limb temperature falls. 
Clarke, Hellon & Lind (1958) have demonstrated that the hyperaemia follow- 
ing a single prolonged isometric contraction of the human forearm muscles is 
reduced by cooling. This suggests that the repeated process of shortening of 
the muscle could contribute to the total metabolic activity of the muscle, and 
that this component would be raised in the cold arm. Clarke & Hellon (1959) 
have recently found that rhythmic exercise of the cold forearm at more 
frequent rates of contraction results in a much larger hyperaemia than that 
obtaining in the warm arm at the same rate of exercise. Their findings are 
in accord with the idea that the metabolism of the muscle undergoing rhyth- 
mic contractions, with its physical properties altered by cold, could be higher 
than that occurring in the warm state. Such an explanation presupposes a 
quantitative relationship between amount of exercise and the consequent 
hyperaemia, and this has been described in this paper. The fact that the exer- 
cise hyperaemias demonstrated in this paper were virtually unaltered by 
cooling the arm would, on these grounds, be a fortuitous consequence of the 
arbitrarily chosen temperatures and rates of exercise, especially in view of the 
recent observations of Clarke & Hellon (1959). Whether such an explanation of 
the findings is tenable will depend upon whether the chemical estimation of 
known metabolites shows an increase in their production as the exercising 
muscle is cooled, and this has not yet been done. Other factors such as the 
relative rates of diffusion of metabolites in warm and cold muscle must be 
considered but, as yet, no evidence is available for the exploration of alter- 
native possible explanations. 


SUMMARY 


1. Reactive hyperaemia in the forearm was reduced as the limb muscle 
temperature was reduced to 19-25°C. It occurred in both skin and deep 
tissues when the arm was warm. In the cold forearm the resting skin blood 
flow was very low and reactive hyperaemia was practically confined to the 
deeper tissues. 

2. Hyperaemia following exercise occurred only in the deep tissues and was 
not much changed by similar cooling. 

3. The increase in blood flow following exercise was related to the amount 
of work done. 

4. The suggestion is put forward that cooling the muscle, because of the 
effect of lowered temperature on its physical properties, might increase the 
total metabolism occurring for a given :uythmic exercise, with consequent 
increase in the production of vasodilator metabolites. 

Our thanks are due to Mr R. H. Matchett and R. Mogg for their technical assistance, and to 
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CENTRAL REPRESENTATION OF AFFECTIVE REACTIONS IN 
FOREBRAIN AND BRAIN STEM: ELECTRICAL STIMULATION 
OF AMYGDALA, STRIA TERMINALIS, AND ADJACENT 
STRUCTURES 


By A. FERNANDEZ pe MOLINA anp R. W. HUNSPERGER 
From the Physiological Institute, University of Zurich, Switzerland 
(Recewed 30 June 1958) 


Ever since Bard (1928) demonstrated on cats that rage reactions readily 
develop after decortication and transection of the brain stem at the level of 
the diencephalon, the attention of workers has been directed toward the role 
played by the diencephalon and mesencephalon in the government of these 
reactions. Ranson & Magoun (1933) by electrical stimulation of the hypo- 
thalamus in cats with the head fixed in a stereotaxic apparatus obtained 
spitting; Magoun, Atlas, Ingersoll & Ranson (1937) from the central gray 
matter of the mid-brain and the adjacent tegmentum produced hissing and 
crying. On the waking, freely moving cat, Hess & Briigger (1943) elicited 
an affective defence reaction, i.e. hissing, lowering of the head, flattening of the 
ears, marked dilatation of the pupils, and pilo-erection on back and tail, by 
stimulation of the ‘ perifornical’ region of the hypothalamus. Flight responses 
have also been produced by stimulation of the posterior hypothalamus and the 
adjacent subthalamic region (Hess, 1949, 1957). Hunsperger (1956) obtained 
the affective defence reaction, not only from the ‘perifornical’ region of the 
hypothalamus, but also from the central gray matter of the mid-brain, these 
two areas being surrounded by a larger common field from which flight 
responses were obtained. It was therefore concluded that the substratum con- 
cerned with these various patterns of emotional behaviour constitutes an 
unbroken field, comprising portions of the central gray matter of the preoptic 
area, the hypothalamus and the mid-brain. The reactions were strikingly 
similar to those seen when a cat is confronted by a dog, but did not appear to 
be the pain-suggestive reactions reported by Spiegel, Kletzkin & Szekely 
(1954) in the unrestrained cat, and by Delgado (1955) in the monkey. 
Affective responses, besides motor and autonomic effects, have also been 
produced by electrical stimulation of the amygdala and adjacent structures 
in the forebrain (secondary forebrain, telencephalon) in unrestrained cats. 
Thus MacLean & Delgado (1953) reported growling and hissing, organized 
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angry behaviour, as well as efforts to escape; Magnus & Lammers (1956), 
growling and anxious behaviour. Gastaut, Naquet, Vigouroux & Corriol 
(1952), Naquet (1953), Kaada, Anderson & Jansen (1954), and Kaada & 
Ursin (1957) obtained with weak stimulation an attention response accompanied 
by contraversive turning of the head or searching movements to the opposite 
side; stronger stimulation yielded fear and anger reactions that were charac- 
terized by maximal dilatation of the pupils, pilo-erection, lowering of the head, 
flattening of the ears, and either flight, or growling, hissing, gnashing of the 
teeth, clawing and arching of the back, accompanied by accentuated turning 
movements also involving the trunk. Shealy & Peele (1957) obtained similar 
affective reactions, and associated the facial motor effects, sniffing, salivation, 
and movements of the tongue, obtained simultaneously, with the responses. 
All these authors agree that the responsive area is predominantly located in 
the medially lying portions of the amygdala, although Kaada and his colla- 
borators (Kaada et al. 1954, 1957) extend the field to the lateral, and Magnus 
& Lammers (1956) to ventral portions of the amygdala, MacLean & Delgado 
(1953) to the adjacent pyriform cortex and hippocampus, and Kaada, Jansen 
& Anderson (1953) to the hippocampus and fimbria fornicis. 

All these investigations show that affective reactions have their central 
representation in the brain stem as well as in the forebrain. That the amygdala 
in the forebrain, and septum and hypothalamus in the brain stem are linked 
together by a common path, the stria terminalis, has been established by many 
anatomical studies (Johnston, 1923; Fox, 1940, 1943; Ariéns Kappers, Huber 
& Crosby, 1936; Droogleever Fortuyn, 1956) and, recently, by electrophysio- 
logical experiments (Gloor, 1955). Whether the stria terminalis, however, is 
concerned with emotional responses, and whether a distinction can be made, 
or not, between the effects obtained from the forebrain and the brain stem, still 
remained to be investigated. It was therefore decided to explore, not only the 
amygdala and the adjacent hippocampus, but also the paths that connect 
these structures with the septal area and the hypothalamus, paying particular 
attention to the following points: 

1. Exact pattern of the reactions elicited from the amygdala and related 
structures in the forebrain; 

2. Comparison of these reactions with the effects obtained in previous 
experiments from the hypothalamus and mid-brain; 

3. Delimitation of the anatomical structures concerned ; 

4. Whether forebrain and brain-stem fields are linked functionally, and so 
constitute an entity. 

In order to ensure conformity in the methods used, and to facilitate com- 
parison, the Hess-Wyss technique of previous experiments was employed. 
A preliminary report of this study has recently been published (Fernandez de 
Molina & Hunsperger, 1957). 
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METHODS 


Forty-seven adult cats of both sexes were used, body weight 2-4-5 kg. The procedure described 
by Hess (1932, 1957) was applied in order to study the responses to brain stimulation of the 
unanaesthetized freely moving animal. Stimulating electrodes consisted of single needles, each 
0-3 mm in diameter, with tip bared for 1 mm. Three needles were arranged in a sagittal line, 1-5 
mm distant from one another. They were inserted 8, 4, or 2-5 mm from the mid line, so that by 
lateral or medial inclination their tips could be placed between 12 and 1 mm from mid plane. The 
three needles were inserted with the middle needle through the coronal suture or up to 11-5 mm 
more caudally. The needles measured between 18 and 28 mm from skull surface to tip. 

Exploration was usually restricted to one brain structure, examined bilaterally. In eight 
animals, however, other structures were examined in a second stage of the experiment for the 
sake of comparison. In four cats 10 days intervened between first and second exploration. A 
total of 405 ‘points’, i.e. electrode positions, were explored; of these 240 were located in the 
hippocampus with the brain stem. 

Unipolar stimulation was used, the indifferent electrode, connected to the metal frame screwed 
on the skull, being earthed. Delayed condenser discharges delivered by a Wyss (1950) type 
stimulator, with a rising phase of 10 msec maintained constant throughout, were applied through 
a 30 uF condenser and a 10 kf resistor to the needle electrode serving as cathode. The voltage of 
the stimulating electrode as referred to earth and the current flowing through it were amplified 
and displayed with common sweep triggered by stimulation frequency on a double-beam cathode- 
ray tube (Cossor). An ordinate-calibrated photograph was taken during each stimulation period. 

Each area explored was initially stimulated with a frequency of 8-5 c/s and a voltage ranging 
from 0-75 to 3 V, and then with a frequency of 17 c/s and a voltage up to 2 V. Higher rates (28 c/s) 
did not give any noticeable change in the response already evoked with lower frequencies. Each 
stimulation period lasted 1 min. An interval of 1-3 min or more was allowed between successive 
stimulations. 

Responses observed were recorded by protocol and film. The brains were serially sectioned in a 
frontal plane and alternate sections (celloidin, 40) were stained by Nissl and Heidenhain 
techniques. The electrode locations were examined histologically, the end of each needle track 
being plotted on a series of photographs of standard brain sections (Hess, 1932). The ‘ points’ were 
grouped according to the responses obtained and each group marked on a second series of 
photographs. 

RESULTS 


The area from which the affective reactions described in this paper were 
elicited occupies the dorsomedial region of the amygdala. It can be traced 
along the pathway of the stria terminalis into the bed nucleus of this tract at 
the level of the anterior commissure. At this level the responsive points lie 
spread out and join the active field in the preoptic area and the rostral 
hypothalamus described in previous papers (Hess & Briigger, 1943; Hunspéerger, 
1956). The responses from this zone included: growling, growling followed by 
hissing or by shrieking, and growling-hissing leading to flight; primary hissing 
and primary flight. 
Pattern of responses 

The growling response developed as follows: The animal before onset of 
stimulation sat or lay quietly on the table. Soon after stimulation set in, the 
cat turned its head toward the observer, the lids widened, the pupils dilated 
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and respiration increased in depth and rate. The eyes remained fixed on the 
observer and the animal appeared to be taut. A first low growl was then 
emitted, chin protruded and upper lip pursed, followed by louder growls 
uttered at intervals of 5-10 sec. Often the pupils dilated maximally, the ears 
were laid back, the head was lowered and pilo-erection of back and tail set 
in (Plate 16). The growling sometimes alternated with short puffing expira- 
tions during which the animal stood up and slightly hunched its back. | 

When the response evoked was growling followed by hissing, the growls 
toward the end of stimulation were replaced by raucous, repeated hissing; 
the mouth was opened wide, with corners retracted, teeth bared (Plate 1c). 
Although the cat turned its head toward the observer, the animal never 
attacked. In this group the general defence pattern, i.e. dilatation of the pupils, 
flattening of the ears, lowering of the head, pilo-erection, and slight hunching 
of the back, was more marked than in the growling group. When stimulation 
produced growling followed by shrieking, the growls, low at first, gradually 
became louder and gave way to strident shrieks. When the growling-hissing 
response led to flight, the animal toward the end of stimulation excitedly 
turned eyes and head to either side, but instead of growling or hissing sidled 
across the table with a frightened expression. A sudden leap, clearing all 
obstacles, landed the animal on the floor. 

The primary hissing response was accompanied by the general defence 
pattern already described. The primary flight response developed in the 
following manner. The pupils, after onset of stimulation, dilated, the eyes 
darted to and fro, the head turned, occasionally pilo-erection set in, and 
suddenly the cat rushed off the table. 

After cessation of stimulation excitement subsided gradually and the 
animal settled down, apparently relaxed. In a few cases, however, the cat 
remained for a few seconds or even minutes in the posture assumed when 
stimulation ceased. It looked puzzled, with pupils remaining dilated, and was 
indifferent to slight visual stimuli or hand clapping. Plaintive or protesting 
mewing sometimes terminated this state. Flight was rarely observed after 
switching off stimulation. 

The stimulation threshold was lowest for the growling response. In 13 of the 
63 cases in which growling was obtained, the response developed even with the 
low stimulation frequency of 8-5 c/s and a voltage not exceeding 1-5 V. These 
13 points lay widely dispersed within the active field, the lowest threshold of 
1-0 V being obtained from one of the six needles placed in the track of the 
stria terminalis alongside the lateral ventricle. It was only by increasing 
strength or rate of stimulation that growling gave way to hissing, shrieking 
or flight. The hissing had an average threshold that was 1-5 times higher than 
the threshold for growling at the stimulation frequency of 8-5 c/s, and 1-25 
times higher at the frequency of 17 c/s. The primary hissing response and the 
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hissing which replaced growling had approximately the same threshold. The 
average thresholds for the primary flight response and the growling response 
were equivalent. 

Latency ranges for growling were from 3 to 60 sec, for hissing replacing 
growling from 7 to 60sec, for the primary flight response from 7 to 20 sec. 
The latency depended on the site of stimulation and on the stimulation strength 
and rate. The mean latency for growling was decreased to half when intensity 
was increased either 50%, above threshold at the frequency of 8-5 c/s, or 20% 
above threshold at the frequency of 17 c/s. The latency for hissing replacing 
growling was on an average twice as long as that for growling, this including 
both frequencies. 


Distribution of the responsive points within the active area 

The affective reactions described above were evoked by stimulation of a 
total of 73 points. Growling was obtained from 63; of these, 28 yielded 
growling followed by hissing, 5 growling followed by shrieking and 4 growling- 
hissing leading to flight. The stimulation of 3 points produced the primary 
hissing response, the stimulation of 7 points the primary flight response. 

Identical growling and growling-hissing responses were obtained from the 
amygdala, the track of the stria terminalis, and the stria terminalis bed. The 
growling-hissing response was, however, obtained relatively more often from 
the stria terminalis bed than from the amygdala. The points yielding the 
primary hissing response lay in the stria terminalis bed and in the preoptic 
area. Growling followed by shrieking was obtained from the amygdala and the 
track of the stria terminalis, but not from the stria terminalis bed. Growling- 
hissing leading to flight was produced from the amygdala as well as from the 
stria terminalis bed, and so was the primary flight response. The points in the 
amygdala yielding the primary flight response were not grouped, but lay 
scattered between those yielding growling and growling-hissing (see Text- 
fig. 1 B). 

Two other active points (not dealt with in this study) were situated in the 
preoptic area and the anterior hypothalamus and yielded reactions described 
in @ previous report (Hunsperger, 1956). 


Factors affecting the type of the response 

Repeated stimulation of one point may change the type of the response. 
In four cases growling was obtained as a low-threshold response; successively 
stronger stimuli failed to produce the reaction, but still stronger stimuli 
elicited a pure flight response. In two other cases, however, this final response 
was not obtained. 

The primary flight response appeared to be more readily evoked when 
previous stimulation from some other point produced an affective discharge. 
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When the primary flight response was obtained at a low threshold, increased 
stimulation again produced flight; attempts to hinder escape, however, pro- 
voked growling or hissing in most cases. 

The individual character of the cat: (as far as could be judged in the laboratory) 
may affect the reactions. It was noted that the flight response was more 
easily elicited in timorous and suspicious animals than in those that appeared 

to be at their ease in the laboratory. 


Other effects elicited within the active area 
In half of all the cases yielding affective reactions, effects were obtained 
which are not necessarily related to emotional behaviour. Thus micturition 
frequently, and defaecation less frequently, occurred simultaneously with 
affective reactions; the animal never assumed an adequate posture. The 


affective reactions were preceded by one or several of the following effects; — 


sniffing, facial motor effects (rhythmic twitching of the eyelid and vibrissae, 
generally ipsilateral), salivation and movements of the tongue as if to eject 
a foreign body (Hess & Akert, 1951) and retching. During the emotional 
response itself these effects were suppressed, but twitching of the eyelid and 
vibrissae, movements of the tongue and profuse salivation often reappeared 
when stimulation ceased. In other cases growling-hissing were preceded and 
accompanied by a contralateral turning of eyes and head, or a repeated 
jerking of eyes and head to the side opposite the stimulation; these supple- 
mentary effects often outlasted the stimulation. In one case growling was 
accompanied by a generalized epileptic seizure. 

It should be noted that all these supplementary effects were obtained from 
points scattered throughout the active area. They could also be elicited as 
extraneous effects from points situated beyond the limits of the active field. 


Topography of the active area and location of extraneous effects 

The active points, which are indicated on Text-fig. 1 by black and white 
circles and squares, within the amygdala, are located in the dorsal portion of 
the nucleus basalis and adjacent parts of the nucleus centralis and nucleus 
medialis, i.e. in a field from which several components of the stria terminalis 
arise (Text-fig. 1B). From this area the site of the active points can be traced 
beyond the amygdala and is strictly limited to the narrow track followed by 
the stria terminalis on its way to the bed nucleus at the level of the anterior 
commissure (Text-fig. 1 B-G). Active points are distributed throughout the 
bed nucleus, and are traceable from here into preoptic area and rostral hypo- 
thalamus (Text-fig. 1H)... 

Stimulation of a total of 332 points located outside the active area, using the 
same voltages and rates as those which yielded affective reactions, failed to 
produce an emotional response. The location of points yielding these extraneous 
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effects is indicated in Text-fig. 1 by dots. The big circles mark out a grouping 
of points yielding one effect, or several, indicated by the symbols placed 
adjacent to the circles. The location of these points was as follows: 

(a) Structures in close topographical relation to the active area. Within the 
amygdala, i.e. medial and caudal portions of the nucleus lateralis, ventral part 
of the nucleus basalis and nucleus medialis, lateral part of the nucleus centralis, 
nucleus corticalis, anterior amygdaloid area and adjacent portions of pyriform 
cortex. Stimulation of these structures produced one or several of the effects 
mentioned in the preceding section, p. 256, but unaccompanied by affective 
reactions (Text-fig. 1 A-C). It should be noted that the commissural com- 
ponent of the stria terminalis (component 1 of Johnston, 1923) stimulated 
within the amygdala, never yielded affective reactions. Stimulation of the 
longitudinal association bundle (Fox, 1940), within the amygdala and beneath 
the pallidum, lateral to the hypothalamus, also proved negative (Text- 
Fig. 1B, A). 

Adjacent to the track of the stria terminalis, i.e. optic tract and lateral 
geniculate body, internal capsule, caudate tail. Contralateral turning of eyes 
and head was obtained from the optic tract and the lateral geniculate body 
(Text-fig. 2B—D), contralateral circling and generalized tremor of the contra- 
lateral side from the internal capsule (Text-fig. 1 Z), and contralateral circling 
from the caudate tail (Text-fig. 1 F). 

Within the stria terminalis bed and immediately adjacent structures. 
Repeated jerking of eyes and head to the side opposite stimulation, facial 
motor effects and sometimes sniffing—the effects being similar to those 
obtained from the extraneous points in the amygdala—were produced from 
this region (Text-fig. 1G). 

Bed nucleus of the diagonal band of Broca: Effects identical with those 
elicited from the anterior amygdaloid area were obtained from this structure 
(Text-fig. 

Medial forebrain bundle (stimulated within the lateral preoptic area): 
Sniffing and sometimes salivation were evoked from this bundle (Text- 
fig. 1H). | 

Responses obtained from the hippocampus and fimbria were of particular 
interest. The hippocampus was explored where it borders the amygdala; the 
fimbria at various levels, using nine needles, five of which lay close to the 
track of the sttia terminalis. The patterns obtained from the active area were 
not evoked from these structures. Stimulation, however, produced alertness, 
followed by plaintive and protesting mewing several seconds after inter- 
ruption of the current. Only one point within the hippocampus, situated close 
to the cerebral peduncle at the level of the corpus Luys, yielded growling and, 
simultaneously, marked generalized tremor of the contralateral side. When 
stimulation was stronger than usual (frequency 17 c/s, 2-3 V) growling was 
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added to the effects obtained from four of the eight points situated in the area 
of transition amygdala-hippocampus. 

(6) Structures anatomically related to the active area in the hypothalamus. 
The descending column of the fornix (stimulated at the level of the anterior 


Legend to Text-figure 1. 

Text-fig. 1. Semi-schematic illustration showing location of points yielding affective reactions in 
amygdala, stria terminalis, stria terminalis bed and rostral hypothalamus. Frontal sections. 
Points lying up to 0-75 mm rostral or caudal to the plane shown are also included in these 
diagrams. A, through anterior amygdaloid area ( x 3-5); B, through middle portion of the 
amygdala (x7); 0, through hippocampus close to amygdala ( x 3-5); D, th stria 
terminalis and fimbria ( x 3-5); #, the same at more rostral level ( x 3-5); F, same at 
level of anterior nuclei of thalamus (x 3-5); G, through stria terminalis ( x 5-5); 
H, through rostral hypothalamus ( x 4-5): planes of section (see also Text-fig. 2). 

@ growling response; 

growling followed by hissing or shricking, and growling-hissing leading to flight ; 
pri hissi ! 

© primary flight response; 

88% active field in rostral hypothalamus; 

negative points with regard to affective reactions; yielding, however, the effects 

indicated by symbols in their vicinity ; 

C) represent the fields from which one or several effects were obtained ; 


7 contralateral, \, ipsilateral turning of eyes and head; 

"7 Tepeated jerking of eyes and head to the side opposite stimulation; 
7 contralateral circling; 

“v rhythmic twitching of eyelid or of vibrissae; 
A\ A pricking of the ears; 


; general tremor of the contralateral side; 


sniffing ; 
salivation; 
< movements of the tongue as if to eject a foreign body; 
—{< retching; 
mewing during stimulation ; 
H mewing following cessation of stimulation. 
amyg. amygdala; a.amyg.a. anterior amygdaloid area ; ant.n. anterior nuclei of the thalamus; 
c.pyr. pyriform cortex; c.i. internal capsule; c.t. caudate tail; ch. chiasma; c.f.d. descending 
column of the fornix; c.a. anterior commissure; c.gen.J. lateral geniculate body; d.b.B. 
diagonal band of Broca; fim. fimbria; gr.c.mes. central gray matter of the mesencephalon ; 
hipp. hippocampus; hyp. hypothalamus; /.v. lateral ventricle; n.b. nucleus basalis of the 
atnygdala; n.caud. caudate nucleus; n.c. central nucleus of the amygdala; n.cort. cortical 
nucleus of the amygdala; n.l. lateral nucleus of the amygdala; n.m. medial nucleus of the 
amygdala; p.ped. cerebral peduncle; ro.hyp. rostral hypothalamus; str.t. stria terminalis; 
str.t.b. stria terminalis bed; thal. thalamus; tr.op. optic tract. ‘4 
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commissure), mammillary bodies and their projection field in the thalamus, i.e. 
anterior nuclei. Alertness was produced from the fornix and the anterior 
nuclei of the thalamus, accompanied by mewing that outlasted stimulation 
(Text-fig. 1 F, @). The animal manifested increased interest in its surroundings 
when the mammillary bodies were stimulated. Extraneous points were also 
situated beneath the pallidum in an area that lies between the anterior 
amygdaloid region and the rostral hypothalamus (Text-fig. 14, ). 


DISCUSSION 


Response patterns 

The results reported in this paper show that growling and growling-hissing are 
integrated in a general defence pattern and that these responses are in most 
instances obtained without accompanying contraversive turning of eyes and 
head or repeated jerking of eyes and head to the side opposite stimulation 
reactions recalling the responses described by Gastaut et al. (1952) as “mouve- 
ment de contraversion’ and by Kaada et al. (1953, 1954, 1957) as ‘attention 
and searching responses’. The absence of these motor components and the fact 
that they are obtained also as extraneous effects from structures outside the 
active area of amygdala and stria terminalis bed strongly suggest that these 
motor components do not form an integrative part of the basic growling- 
hissing responses. The same holds true for the facial motor effects, salivation, 
movements of the tongue and retching, effects that sometimes preceded the 
basic reactions and were regarded by Shealy & Peele (1957) as being related to 
rage responses. 

The present results, growling and hissing integrated in a defence pattern, 
are not in agreement with the effects reported by MacLean & Delgado (1953): 
growling and hissing obtained as isolated components of angry states by 
stimulation of the amygdala. These authors report organized angry behaviour 
from the ‘rostral’ hippocampus and the region where amygdala, -hippo- 
campus and pyriform cortex converge, effects occasionally obtained in our 
series from the area of transition amygdala-hippocampus, and then only with 
stronger stimulation than usual. 

Stimulation of the amygdala in man by implanted electrodes is feported by 
Heath, Monroe & Mockley (1955) to lead to a subjective experience of rage; 
subsequent stimulation with the same intensity produced intense fear with an 
impulse to run. There is reason to believe that these subjective reactions in 
man are comparable with the integrated ‘acting out’ manifestations in the cat. 
The change in character of the subjective feeling in man, and the change in 
character of the response occasionally produced by repeated, increased 


stimulation in the cat, also seem to be analogous and based on a similar 
mechanism. 
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Topographical aspects 

The site of active points reveals a striking overlapping with the fine and 
numerous fibres of the stria terminalis (components 2, 3? and 4 of Johnston, 
1923) that arise in dorsomedial portions of the amygdala and project to the 
stria terminalis bed and in part to the ‘ perifornical’ region of the hypothalamus 
(Fox, 1940, 1943; Verena M. Bucher & R. W. Hunsperger, unpublished). It is 
therefore concluded that the stria terminalis is concerned with the affective 
reactions reported in this paper and that it forms specific connexions between 
the active areas of the amygdala and hypothalamus. 

The results obtained from the amygdala confirm the observations of Kaada 
et al. (1954, 1957) with regard to the basal nucleus, of MacLean & Delgado 
(1953), Magnus & Lammers (1956), and Kaada & Ursin (1957) with regard to 
the central and medial nuclei. The responses elicited at the level of the anterior 
commissure and the preoptic area are in agreement with the findings of Hess 
& Briigger (1943). The results reported here do not, however, confirm the 
statement that the lateral nucleus (Kaada et al. 1954) and the ventral part of 
the basal nucleus of the amygdala (Magnus & Lammers, 1956) also form a part 
of the responsive field, nor do they support Kaada’s statement that stimulation 
of the fimbria fornicis and hippocampus causes bewilderment, fear and anger 
(see Kaada ef al. 1953, p. 849, Fig. 3). Discrepancies in results may be due to 
dissimilarity of electrodes and stimulation parameters used. : 

Within the amygdala Kaada & Ursin (1957) separated the structures 
responsible for fear and anger reactions into two zones, the zone concerned 
with fear reactions lying in lateral portions, the zone concerned with anger 
reactions lying in mediobasal portions of the amygdala. In the present 
experiments the points yielding flight, comparable to the ‘fear’ reaction of 
Kaada & Ursin, lay scattered between those yielding growling and growling- 
hissing, comparable to their ‘anger’ reaction. 

Stimulation of the hippocampus (close to the amygdala), the descending 
column of the fornix, the mammillary bodies and the anterior nuclei of the 
thalamus—structures constituting the major part of an anatomical circuit 
connecting the hypothalamus with the cortex (cingulum) and possibly in- 
volved, according to Papez (1937), in the elaboration and expression of 
emotion in man—yielded alertness and uneasy mewing, but never produced 
elementary affective reactions such as growling, hissing and flight. The 


present results indicate that the structures that underlie these affective 


reactions are subcortical and extend, as is shown in Text-fig. 2, from dorso- 
medial parts of the amygdala by way of the stria terminalis to its bed, 
becoming continuous with the preoptic area, aud still further back, as previous 
studies have shown, with the intermediate zone of the hypothalamus (Hess « 
Briigger, 1943; Hunsperger, 1956) and the central gray matter of the mid-brain 
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(Hunsperger, 1956). It will be observed that all these structures, considered as 
as entity, lie close to brain cavities—lateral ventricle, infundibulum and 
Sylvian aqueduct. 

E 


amyg. 


al 
Text-fig. 2. Schematic illustration showing the field for affective reactions in forebrain and 
brain stem based on the active points illustrated in Text-fig. 1 of this paper and in Fig. 1, 
p. 74, of the report on effects obtained from the brain stem (Hunsperger, 1956). 
Two sagittal levels are plotted in one figure. 


active field of amygdala, stria terminalis and stria terminalis bed, 
continuing into 


active field of the hypothalamus and the central gray of the mid-brain. Black 
‘inner zone’ yielding hissing; hatched ‘outer zone’ yielding flight. 
A-H planes of frontal sections which are illustrated in Text-fig. 1. For abbreviations see 
Text-fig. 1. 


Comparison of response patterns obtained from forebrain and 
brain-stem levels 
The reactions elicited from this active field, extending from forebrain to 
brain stem, varied according to the level stimulated. The characteristic affective 
pattern at forebrain levels was growling, at brain-stem levels hissing and flight. 
Whereas increased stimulation at the forebrain level finally produced hissing, 
shrieking or flight, increased stimulation in the brain-stem areas yielded hissin g 
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culminating in aimed attack or giving way to flight. Flight, produced as sole 
response to low-intensity stimulation, was seldom obtained from the forebrain, 
and when it did occur, appeared to be unpremeditated. In the brain stem, 
however, flight was regularily produced from the ‘outer’ zone, i.e. a zone 
surrounding the ‘inner’ zone that yielded hissing (Hunsperger, 1956). The 
animal always sought an outlet before escaping. These results are summarized 
below together with threshold values. 


Brain-stem level (field in 
am ypothalamus and 
stria terminalis) mid-brain) 
Basic pattern Growling Hissing (affective defence re- 
action, Hess & Briigger, 1943) 
Average stimulation thres- Above 1-5V Below 1-5V 
hold (frequency 8-5 c/s, 
impulse duration 10 msec) 
Effect of increasing strength Growling-hissing Hissing 
or rate of stimulation Growling-shrieking Hissing- fli 
Growling-hissing-flight 
Related pattern Flight (unpremeditated) Flight (after seeking an outlet) 
Location of points Scattered between points Zone surrounding the zone 
yielding li ‘elding hissi 


From the experiments reported it is concluded that a substratum, lying in 
the walls of the ventricles and extending from the forebrain to the brain stem, 
is concerned with the elaboration of elementary affective reactions. The 
responses obtained within this substratum are not identical, growling being 
the characteristic response elicited at forebrain levels, hissing and flight the 
reactions produced at brain-stem levels. 


SUMMARY 


4. The amygdala, stria terminalis, and adjacent structures in the forebrain 
were stimulated in unanaesthetized freely moving cats. The responses were re- 
corded by protocol and film, special attention being paid to the affective reactions 
evoked. The structures concerned with affective patterns were delimited by 
mapping the histologically examined positive and negative points. 

2. The affective reaction most consistently obtained with low-intensity 
stimulation was growling integrated in a defence pattern, the latter charac- 
terized by lowering of the head, flattening of the ears, dilatation of the pupils, 
and pilo-erection of back and tail. When stimulation was increased, the growls 
grew louder, or were followed by hissing, the defence pattern being accen- 
tuated by hunching of the back; sometimes the growling was followed by 
shrieking, or the growling-hissing response led to sudden flight. Flight as a 
primary response to weak stimulation and hissing as a primary response to 
stronger stimulation were rarely observed. 

3. The area from which these reactions were obtained extends from the 
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dorsomedial part of the amygdala along the stria terminalis to the stria bed 
at the level of the anterior commissure, and further back to the preoptic area 
and rostral hypothalamus; at which level the responsive area joins the active 
field of the hypothalamus and mesencephalon, previously delimited. 

4. The growling response is the characteristic reaction obtained from the 
amygdala and the stria terminalis, whereas the hissing and flight responses 
distinguish the effects obtained from the related structures in the hypothalamus 
and mesencephalon. 

5. The active areas in forebrain and brain stem constitute an unbroken 
subcortical system situated within the walls of the inferior horn of the lateral 
ventricle, the infundibulum, and the Sylvian aqueduct. 
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EXPLANATION OF PLATE 

Cats showing reactions described. a-c, Growling leading to hissing elicited by electrical stimulation 
of the dorsomedial part of the amygdala (expt. 116). (a) Before onset of stimulation. 

(b) After 25 sec stimulation: growling—note lowering of the head, flattening of the ears, 
dilatation of the pupils and pilo-erection. (c) After 35 sec stimulation: hissing—note 
accentuated defence pattern. (d) Hissing following growling obtained from the stria terminalis 

bed in another experiment (expt. 139). 
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THE EFFECTS OF VAGAL STIMULATION ON THE ISOLATED 
PERFUSED RAT HEART 


By J. M. BENFORADO 
From the Department of Pharmacology, University of Oxford 


(Received 3 July 1958) 


The isolated mammalian heart with intact vagus nerves has been employed 
previously for a study of the cardiac effects of vagal stimulation (Perry & 
Reinert, 1954; McEwen, 1956; Lynch & Essex, 1956). The use of an isolated 
preparation has the advantage of decreasing the number of variables present 
in such a study in the intact animal. However, previous investigators have 
recorded only mechanically, usually with a kymograph lever, and have 
reported effects on heart rate in a qualitative or semi-quantitative manner. 
In the present report the use of electrocardiographic recording has enabled the 
effects of vagal stimulation on sino-atrial rate, ventricular rate, heart block and 
on the production of ectopic beats and extrasystoles to be observed. In 
addition, the effects of physostigmine, acetylcholine, hexamethonium, atropine, 
cocaine and ouabain on the response to vagal stimulation have been examined. 


METHODS 


White male rats (200-300 g) were anaesthetized with urethane (1-25 g/kg) administered intra- 
peritoneally. The operation for isolation of the heart with intact vagus nerves was carried out 
under artificial respiration following the technique described for the rabbit heart by McEwen 
(1956). Temperature control (38+0-5° C) of the Langendorff perfusion arrangement was as 
described by Saxby (1956). The apparatus which allowed the vagus nerves to be stimulated 
individually by shielded platinum hook electrodes is shown in Fig. 1. The nerves were kept moist 
_ by the constant dripping on to them of a warmed bathing solution. This solution, which was also 

employed for perfusion of the heart, was that described by McEwen (1956). It is a phosphate- 
bicarbonate Ringer’s solution with added sucrose and is gassed with 95% oxygen and 5% CO,. 
The use of separate reservoirs and heating coils prevented drugs in the fluid perfusing the heart 
from reaching the nerves. Two shielded platinum fish-hook electrodes, one in the right atrium and 
one in the left ventricle (see Fig. 1) permitted recording of an e.c.g. in which atrial and ventricular 
complexes were easily discernible. However, at the paper speed employed, no accurate evaluation 
of changes in PR interval could be made. E.c.g. records read from right to left. Stimulation of the 
nerves was effected from a square-wave stimulator and stimulus isolation unit. In preliminary 
experiments a study of the effect of frequency of stimulation over the range 2-100 c/s showed 
that maximum effect was reached at 20 c/s and this frequency was subsequently employed. The 
duration of the stimulus was 0-3 msec and stimulus intensity (voltage delivered at the electrodes) 
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was varied from threshold to submaximal and supramaximal. Threshold voltage varied from 
experiment to experiment, being usually about 2 V. Drugs were either added to the perfusion 
fiuid at the desired concentrations, or given directly into the cannula in a single dose; concen- 
trations are expressed as g/l. of the base; doses are expressed as micrograms of the base. In all 
experiments a 30 min control period elapsed following the onset of perfusion before the commence- 
ment of nerve stimulation. Unless otherwise stated, the nerve was stimulated for a period of 
10 sec. At least 5 min was allowed for recovery before repeating stimulation. 


A 
B 
E 
E 
4 6 
F 


Fig. 1. Apparatus for Langendorff perfusion of the isolated rat heart with provision for e.c.g. 
recording and independent stimulation of each vagus nerve. Ball and socket joints with 
tension springs allow for appropriate positioning of glass electrode carriers and bathing fluid 
tubes. Perfusion and bathing fluids from separate warming coils and reservoirs. Filter-paper 
seal keeps the air in the Perspex cage saturated with water vapour. A, cannula for heart per- 
fusion; B, tube for nerve bathing fluid; C, e.c.g. electrodes; D, stimulating electrode carrier ; 
E, vagus nerve; F, filter paper. 


RESULTS 
Nerve viability 

In seventeen experiments, the right vagus alone was excitable in five, the left 
vagus alone excitable in three, and both vagi were excitable in nine experi- 
ments. Development of inexcitability with time, in nerves excitable at the 
start, did not occur. Most preparations were used for periods of 3-5 h, and 
seven for periods greater than 6h. The factor limiting the duration of an 
experiment was the coronary flow, which decreased with time. 


Effects of stimulation 
The onset of vagal effect was usually abrupt, occurring immediately 
following stimulation or one to two beats later. In some experiments effects 
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on sino-atrial rate alone were noted. In other experiments, in addition to these 
effects, the development of heart block was observed. This ranged from 
occasional dropped beats to varying degrees of partial block and to complete 
block (Figs. 2 and 3). The magnitude of both types of effect was related to 
intensity and duration of stimulation. 

Table 1 illustrates the effect of changing the stimulus intensity. At threshold 
voltage only slowing of sino-atrial rate was noted. As stimulus intensity was 
increased this effect was augmented, and in addition progressively increasing 
heart block occurred. Finally, at supramaximal voltage, complete heart block 
was seen immediately, although effects on sino-atrial rate developed more 
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Fig. 2. E.c.g. records from isolated rat heart perfused with a salt solution containing physo- 
stigmine 10-*. Initial rate was 426/min. Left vagus was stimulated (supramaximal stimulus, 
16 V) for 10 sec; during stimulation there was complete arrest. (a) shows varying block 
40 sec after cessation of stimulation when sino-atrial rate was 408/min. (6) shows 3:1 block 
60 sec after cessation of stimulation. Complete recovery in 60 sec. 


slowly. In most experiments supramaximal stimulation caused sino-atrial 
arrest. Occasionally only a marked bradycardia was noted. The effect of 
submaximal and supramaximal stimulation on sino-atrial and ventricular rates 
is illustrated in the graphs of Fig. 4A (upper and lower). With submaximal 
stimulation the sino-atrial rate dropped from 252 to 156 beats/min and 2:1 
heart block occurred. Supramaximal stimulation decreased the sino-atrial 
rate from 245 to 90 beats/min and complete block was present. Recovery was 
rapid in both instances. 

The effect of changing the duration of stimulation is shown in Table 2. The 
maximum effect on sino-atrial rate and heart block was seen with a 10 sec 
stimulus. As the duration of stimulation was increased two- and threefold, the 
sino-atrial rate began to recover while the block remained complete. However, 
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, Sino-atrial rate 174/ 
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10-*, Initial rate was 194/min; supramaximal stimulation for 30 sec caused 


1 sec 
ig. 3. E.c.g. records from isolated zat heart during perfusion with a salt solution containing 


complete arrest. (a) Record 45 sec after stimulation stopped shows sino-atrial rate 95/min; 


complete block. (6) 15 sec later, sino-atrial rate 102/min; 2 


systoles. (c) 30 sec later 
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intensity during right vagus stimulation for 10 sec in an isolated perfused rat heart 


20 c/s, 0-3 msec 


Tasxe 1. Effect on sino-atrial (sa) and ventricular (v) rates (beats/min) of 
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Changes in rate d 


v 252 194 

sa 240 186 102 
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Heart rate (beats/min) 
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20-10 0 10 20 0 10 20 30 40 50 60 70 9 100-00 120 
Time (sec) 

Fig. 4. Sino-atrial and ventricular rates of isolated perfused rat heart. Effect of physostigmine on 
submaximal stimulation with 8 V (upper graphs) and supramaximal stimulation with 17 V 
(lower graphs) of the right vagus for 10 sec (20 c/s; 0-3 msec). A, without physostigmine ; 
B, with physostigmine 10-*. Ordinates, rate (beats/min). Abscissae, time (sec). Continuous 
lines, sino-atrial rate; dashes, ventricular rate during heart block, solid bar, period of 
stimulation. 


Tas.e 2. Effect on (sa) and ventricular (v) rates (beats/min) of changing the duration 
of stimulation right vagus stimulation in an isolated perfused rat heart; stimulus, 
20 c/s, 0-3 msec, and supramaximal voltage, 17 V 


Duration of ( 


stimulation § Control rates* r 
(sec) (beats/min) 10 sec 20 sec 30sec 40sec 60sec 

v Zerot 
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v Zerot 
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v Zerot Zerot Zerot 

60 234 sa «102 127 138 127 144 
v Zerof Zerot Zerot 144 


* Sino-atrial and ventricular rates the same; ¢ complete heart block; { 2:1 heart block. 
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with a stimulus duration of 60 sec recovery from block was complete while 
sino-atrial rate recovered to only 62°% of the control value. 

Either ectopic beats or extrasystoles or both were noted in most experi- 
ments. These occasionally occurred during stimulation but were most often 
seen in the period following cessation of stimulation. The ectopic beats (Fig. 5) 
were observed as bizarre e.c.g. complexes. These were occasionally pre- 
fibrillatory. The extrasystoles (Fig. 3) were coupled to sino-atrial or nodal 
beats. Fig. 6 shows extrasystoles with fixed coupling to nodal ectopic beats. 
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Fig. 5. E.c.g. record from isolated perfused rat heart. One burst of ectopic beats during a 10 sec 
period of supramaximal stimulation (16 V) of right vagus. Onset of stimulation at arrow. 
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Fig. 6. E.c.g. record from isolated rat heart perfused with salt solution containing physostigmine 
10-*. Extrasystoles with fixed coupling to nodal ectopic beats 5 sec after cessation of a 10 sec 
period of supramaximal stimulation (16 V) of left vagus. 

During recovery after cessation of stimulation, transient increases in rate 
above the control value were noted in only a few experiments. Even in these 
experiments, such increases were constant and evident only during the first 
30-60 min. 

A comparison of the results of independent right and left vagal stimulation 
in preparations in which both nerves were viable showed no differences in the 
effect on sino-atrial rate, heart block, ectopic beats, extrasystoles or increases 
in rate following cessation of stimulation. 


_ Effects of drugs 
Acetylcholine. As expected, constant perfusion with acetylcholine (10~’), 
in the absence of vagal stimulation, caused a decrease in sino-atrial rate. The 
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_@lecrease in two experiments was 75 and 76%. However, partial recovery 
from this effect was noted during continued perfusion. The presence of physo- 
stigmine (10-’) markedly augmented the effects of 0-5-1-0ug, as well as of a 
10-7 concentration of acetylcholine. In each of two experiments cemplete 
cardiac arrest without the establishment of a lower idioventricular pace- 
maker was observed with 10-? concentrations of both acetylcholine and physo- 
stigmine. During this period, rare volleys of extrasystoles were noted. 
Coupled extrasystoles, occurring during washing out with acetylcholine, 
resembled those seen in the same experiment during recovery from vagal 
stimulation. | 

Physostigmine. In each of seven experiments physostigmine (10-*) was 
observed to augment the magnitude of the effects of vagal stimulation on the 
sino-atrial rate and on heart block (when present), and further to delay 
markedly the recovery from these effects when stimulation ceased. This is 
illustrated in Fig. 4, which shows the augmentation by physostigmine of the 
effects of submaximal and supramaximal stimulation on sino-atrial rate and 
on heart block. The relatively more rapid recovery of the sino-atrial rate as 
compared with the block is also evident. In the seven experiments the mean 
decrease in the sino-atrial rate produced by physostigmine (10-*) in the 
absence of vagal stimulation was 22% (range 10-35). 

Hexamethonium and atropine. In five experiments, two of which were done 
with physostigmine (10-*), hexamethonium (1-5 x 10-*) abolished the effects 
of vagal stimulation. Fifteen to twenty minutes were required for this con- 
centration of hexamethonium to exert its full blocking effect and the antagonism 
_ proved reversible with washing. This concentration had no effect on the change 
in rate caused by a large (10-0ug) injection of acetylcholine. However, in 
two out of three experiments the effect of a 1-0ug dose of acetylcholine was 
reduced by 29-39%. In four experiments, three of which were done with 
physostigmine (10~*), atropine (10~*) abolished the effects of vagal stimulation 
within 5 min and the antagonism proved reversible with washing. This con- 
centration of atropine antagonized the effects of small doses of acetylcholine 
(0-1-1-0 4g) and reduced the effect of a large dose (10-0ug). Increases in rate, 
ectopic beats or extrasystoles were never observed during vagal stimulation 
in the presence of hexamethonium or atropine. 

Ouabain. In two experiments, one in the presence of physostigmine (10-*), 
ouabain (10°) augmented the effects of vagal stimulation as well as those of a 
small dose (0-5 1g) of acetylcholine. The augmentation was reversed by washing. 
This concentration of ouabain itself decreased the sino-atrial rate by 10-23 % 
in the two experiments. These results, obtained in the experiment without 
physostigmine, are illustrated in Table 3. 

Cocaine. In experiments on the perfused rabbit heart isolated together with 
the vagus nerves, McEwen (1956) observed that there was an increase in the 
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rate and force of ventricular contractions in some preparations after the 
inhibition caused by vagal stimulation. When cocaine was added to the per- 
fusion fluid this increase was seen in all preparations and was much greater. 
However, in the present experiments on the rat heart an increase in rate 
after cessation of stimulation was rarely seen, and when cocaine (4-5 x 10-*) 
was added to the perfusion fluid an augmentation of the increase was observed 
only in one out of three experiments. In two experiments cocaine (1-8 x 10-5) 
abolished the effects of vagal stimulation without altering the effect of small 
doses (0-5-1-0ug) of acetylcholine. 


TaBLE 3. Effect of ouabain (10~*) on changes in sino-atrial rate (beats/min) during right vagus 
stimulation at different intensities for 10 sec and following ACh in an isolated perfused rat 
heart. Stimulus, 20 c/s, 0-3 msec 


After washing 

Control Ouabain out 

period (10-5) ouabain 
Before stimulation 360 306 330 
During threshold stimulation (0-8 V) 294 96 294 
Before stimulation 360 390 300 
During submaximal stimulation (1-5 V) 171 78 186 
Before stimulation 366 324 324 
During supramaximal stimulation (2-0 V) Zero Zero Zero. 
Before ACh 366 294 318 
During ACh 0-5 yg 82 Zero 74 

DISCUSSION 


Lynch & Essex (1956) reported an average of 108 min for the duration of 
vagal excitability in the isolated perfused guinea-pig heart. The success in the 
present experiments with the prolonged functioning of the vagus nerves 


parallels that noted for the rabbit heart by McEwen (1956). This can be 


ascribed to the use of the same perfusion fluid which, by minimizing oedema 
in the heart, may prolong survival of intracardiac vagal fibres. The failure to 
achieve excitability of both nerves in some experiments probably signifies 
damage done during the cannulation and tying of the aorta, since both nerves 
were usually excitable in vivo after dissection. 

In many experiments vagal stimulation produced a sinus bradycardia and 
complete block, which would have appeared as cardiac arrest under conditions 
in which only ventricular contraction was recorded on a kymograph. The use 
of the e.c.g. made it possible to separate the effects of vagal stimulation on 
sino-atrial rate and on heart block. Differences between these effects, observed 
at various intensities of stimulus, may be the result of differences in excitability 
of those vagal fibres destined for the sinus node as compared with those 
leading to the atrio-ventricular bundle. During prolonged stimulation partial 
to complete recovery from vagal effects was observed, the recovery of the 
sino-atrial rate being more prolonged than that of heart block. Similar partial 
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recovery of the sino-atrial rate from the effects of acetylcholine was noted in 
experiments using constant perfusion. These observations support the idea of 
Obrink & Essex (1953) that vagal escape may be due to a progressive decrease 
in responsiveness of the heart to acetylcholine. Adaptation to constant con- 
centrations of acetylcholine was described for sympathetic ganglia by Krivoy 
& Wills (1956). 

The use of physostigmine brought ont differences in the time courses of 
recovery following cessation of stimulation, the heart block recovering more 
slowly than the sino-atrial rate. This was unexpected in view of the reversed 
time courses of recovery during periods of prolonged stimulation cited above, 
and could be the result of quantitative difference in cholinesterase inhibition 
at the two sites. More appealing, however, is the idea that diffusibility of 
acetylcholine from the region of the sinus node may be relatively more rapid. 

Obrink & Essex (1953) also reported that, in experiments on intact rabbits 
and guinea-pigs, vagal stimulation could produce cardiac arrest, but acetyl- 
choline (even in large doses) did not. Intracellular liberation of acetylcholine 
at the sinus node during vagal stimulation was suggested as a reason for the 
difference. No such difference was found between vagal stimulation and 
acetylcholine in the present experiments on the isolated rat heart. Further, the 
absence of the appearance of an idioventricular pace-maker in the experi- 
ments in which continuous perfusion with acetylcholine and physostigmine 
produced cardiac arrest, suggest an inhibitory effect of acetylcholine on pace- 
makers below the atrioventricular node. Such an effect during idioventricular 
rhythm in the isolated perfused human foetal heart was described by Baker 
(1953). 

McEwen (1956) found that at the end of vagal stimulation of the isolated 
rabbit heart the rate and amplitude often increased. The increase was greater 
in some hearts than in others and often disappeared after perfusion for a few 
hours. In the rat heart increases in rate after cessation of vagal stimulation 
were seen only occasionally, and in only one out of three experiments was the 
increase augmented by cocaine. Again, unlike the effect on the rabbit heart, 
no increases in rate were apparent during perfusion with hexamethonium. If 
the inconstant increases observed were related to the presence of adrenergic 
post-ganglionic fibres, atropine should certainly have enhanced such increases. 
In experiments in which these increases were absent atropine should have 
unmasked them. However, in the presence of atropine vagal stimulation pro- 
duced no changes at all. It therefore seems unlikely that adrenergic post- 
ganglionic vagal fibres are present in the rat heart. This, and the fact that 
atropine prevented the appearance of ectopic beats and extrasystoles, usually 
seen during or after nerve stimulation, means that such arrhythmias are 


probably not related to an adrenergic neurohumoral mechanism. Scherf & 


Schott (1953) have documented the appearance of ectopic beats and extra- 


— 


§ 


VAGAL EFFECTS ON RAT HEART 275 


systoles following vagal stimulation in the intact animal. They stressed the 
need for predisposing conditions (aconitine, digitalis, BaCl,) and the fact 
that changes in normal rate were not required for the occurrence of these 
arrhythmias. In the present experiments ectopic beats and extrasystoles 
were observed only concurrently with marked decreases in sino-atrial and 
ventricular rates, and were most usually seen during sino-atrial arrest and 
during recovery. It would seem that, in the isolated rat heart, suppression 
of higher pace-maker activity is a necessary antecedent to the arrhythmias 
produced by vagal stimulation in the absence of any of the predisposing factors 
cited by Scherf & Schott. 

The potentiation of the effects of acetylcholine and of vagal stimulation by 
ouabain, observed in these experiments, was described previously for the 
isolated perfused rat heart by Perry & Reinert (1954). In their experiments 
the ouabain was given by single injection rather than by continuous perfusion 
and the potentiation was recorded kymographically. 


SUMMARY 


1. When isolated rat hearts with intact vagus nerves were perfused with an 
appropriate solution, the vagus nerves remained viable for periods greater than 
six hours. 

2. The use of e.c.g. recording made it possible to observe the different effects 
of vagal stimulation on the sino-atrial rate, on heart-block and in causing 
arrhythmia. 

3. Physostigmine and ouabain augmented the effects of vagal stimulation, 
whereas hexamethonium and atropine antagonized them. The absence of any 
vagal effects after atropine made the presence of adrenergic post-ganglionic 
vagal fibres unlikely. 

4. Experiments with ACh and physostigmine suggested an inhibitory 
effect of ACh on pace-makers below the atrio-ventricular node. 


This research was done during the tenure of a Life Insurance Medical Research Fellowship, 
New York, N.Y. I am indebted to Professor J. H. Burn for suggesting the problem and for the 
opportunity of working in his laboratory. Thanks are due to 0. B. Saxby and D. Groves for con- 
structing the apparatus used. The electrocardiograph, Cossor model 1314, wes given to the depart- 
ment by the Welloome Trust. 
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THE ROLE OF CARBONIC ANHYDRASE IN RENAL 
REABSORPTION OF BICARBONATE 


By T. HANLEY, G. H. JOWETT, R. KILPATRICK 
AND MARGARET M. PLATTS* 


From the Department of Medicine, the Department of Statistics and the 
Department of Pharmacology and Therapeutics, University of Sheffield 


(Received 9 July 1958) 


It is now generally accepted that part at least of the bicarbonate filtered by the 
glomeruli is reabsorbed by a mechanism involving the exchange of filtered 
cations for hydrogen ions secreted by the cells of the renal tubules. These 
hydrogen ions are believed to be derived from the intracellular hydration of 
carbon dioxide under the catalytic influence of carbonic anhydrase (Pitts & 
Alexander, 1945). Many workers have recently tried to determine whether all 
the filtered bicarbonate is reabsorbed in this way or whether other mechanisms 
are also involved. : 

Pitts & Lotspeich (1946) found that very large doses of sulphanilamide, at 
that time the strongest carbonic anhydrase inhibitor available, reduced tubular 
reabsorption of bicarbonate by only one-fifth. They concluded that the ion 
exchange mechanism is responsible for the reabsofption of about one-fifth of 
the total filtered load of bicarbonate. Pitts, Ayer & Schiess (1949) and Hilton, 
Capeci, Kiss, Kruesi, Glaviano & Wégria (1956) have shown that excretion of 
chloride and bicarbonate are to some degree interdependent, suggesting that 
there is competition between these ions for reabsorption by some process which 
is not dependent on hydrogen ion secretion. 

The use of acetazolamide (2-acetylamino-1:3:4-thiadiazole-5-sulphonamide), 
a more powerful carbonic anhydrase inhibitor synthesized by Miller, Dessert & 
Roblin (1950), has produced excretion of a greater proportion of the filtered 
bicarbonate in the urine. With moderate doses of the drug Berliner (1952) 
obtained excretion of about 50% of the filtered bicarbonate in the urine of 
dogs and Schwartz & Relman (1954) using larger doses observed excretion of 
apparently 80-90% of the filtered bicarbonate. On these grounds these 
workers postulated that there is no distinction between the mechanisms by 
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which the proximal and distal portions of the renal tubule reabsorb bicarbonate, 
and that the whole process is dependent on the secretion of hydrogen ions. 
Recent observations by Schwartz, Falbriard & Relman (1958) on the relation 
between dose of inhibitor and plasma bicarbonate concentrations have given 
some indirect support to this hypothesis. 

The aim of the present work was to study the relation between the dose of 
acetazolamide and the rate of renal reabsorption of bicarbonate, and to 
attempt to infer from this relation whether or not a single mechanism depen- 
dent on carbonic anhydrase could account for the findings. 


METHODS 


Observations on human beings. In four short-term experiments normal adult volunteers (subjects 
A, B, C and E) were given increasingly large quantities of sodium acetazolamide by a series of 
rapid intravenous injections spaced at intervals of 20 min. The first dose was 3 mg and a cumulative 
total of approx. 1 g (approx. 15 mg/kg body weight) was given in a period of 2 hr. A typical dose 
scheme was 3, 30, 70, 100, 300, 500 mg, making a total of 1003 mg. 

- Simultaneously measurements of glomerular filtration rate (G.F.R.) were made at intervals of 

20 min using an intravenous infusion of inulin. Two control samples of blood and urine were ob- 
tained at intervals of 20 min. Thereafter blood samples were taken 1 min before each injection of 
acetazolamide and urine collections were accurately timed to cover the intervals between blood 
samples. The pH and the bicarbonate concentrations of each specimen of plasma and urine were 
measured. The inulin clearance was measured over two or three consecutive 20 min periods in each 
subject. 

In one normal person (subject D) doses of sodium acetazolamide ranging from 1 to 1000 mg were 
injected intravenously at intervals of a week. The effect of each dose on the rate of bicarbonate 
excretion was measured by analysis of control specimens of urine and also of three specimens 
passed at intervals of 13 min immediately after the injection, Each experiment was done at the 
same time of day and the whole procedure was rigidly standardized. The glomerular filtration rate 
was measured each time. 

In all these observations samples of arterialized blood were obtained by immersing the arm in 
water at 118-122° F (47-8-50-0° C) for 5-10 min and then taking specimens from a superficial 
forearm vein through wide-bore needles without compression of the limb. The syringes were lightly 
oiled and heparin was used as an anticoagulant. The subjects lay recumbent throughout the pro- 
cedure except when voiding urine, which was done without catheterization. Urine was collected 
into vessels containing a half-inch layer of liquid paraffin. 

Observation on dogs. These were made on nine mongrel dogs weighing from 10 to 14-5 kg. The 
animals were anaesthetized by intravenous injection of pentobarbitone sodium B.P. and anaes- 
thesia was maintained by repeated injections of this drug. 

The general procedure was similar to the short-term human experiments, except that very much 
larger doses (up to 1000 mg/kg) were administered. Specimens of arterial blood were taken from 
the first six dogs at intervals of 20 min immediately before each injection of sodium acetazolamide. 
In the last three experiments, samples of blood were obtained at intervals of about 1, 2, 3, 5, 7, 10 
and 15 min after injection of large doses of the drug. Arterial blood was taken from polythene 
tubing tied in the femoral artery. Urine was collected either through a catheter tied in the fundus 
of the bladder or from ureteric catheters. Blood pressure was recorded continuously from either 
the femoral or carotid artery. A priming injection of inulin was given intravenously and a constant 
infusion of inulin was maintained throughout the experiment. The sodium acetazolamide was 
administered into the jugular vein in doses of up to 10 g. This required injection of as much as 
50 ml. of fluid and occupied 1-2 min. 
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Analytical. Plasma for carbon dioxide (CO,) estimation was obtained by anaerobic centrifuga- 
tion in the original sampling syringes adapted by the method of Gabardi & Davenport (1949). 

The total OO, content of both plasma and urine was measured by the manometric technique of 
van Slyke & Neill (1924). Blood pH was measured within a few minutes of collection by means of a 
Cambridge glass electrode, a Stadie anaerobic electrode chamber jacketed by water at room tem- 
perature and a Marconi battery-operated pH meter type T511 D. The instrument was calibrated 
with standard buffer solutions. The values were corrected to 38°C by subtracting 0-014 x (38 
minus room temperature) from the observed value. Urine pH was measured in the same way 
without correction for temperature. Plasma and urine inulin concentrations were measured by 
the colorimetric method of Dick & Davies (1949). 

Calculations, The CO, tension (pCO,) of plasma was calculated from the measured plasma pH 
and CO, content, using the Henderson—Hasselbalch equation. In accordance with current practice 
the rate of bicarbonate reabsorption by the tubules has been expressed as the quantity of bicarbo- 
nate reabsorbed from a litre of the glomerular filtrate. The formula employed with correction for 
Donnan equilibrium was: 

‘on ~ (Rate of bicarbonate exeretion in urine) 
G.F.B. 


The method of calculation of the mean plasma bicarbonate concentration is of crucial importance 
in interpretation of the results after large doses of acetazolamide (see p. 282). In the human 
experiments and in the first six experiments on dogs, the plasma concentration was taken as the 
arithmetic mean of the samples taken immediately before and 20 min after injection of the drug. 
In the last three animal experiments we attempted to obtain a more accurate value of the mean 
plasma bicarbonate concentration by planimetric analysis of a graph relating its concentration in 
frequent blood samples with time. 


RESULTS 
Human experiments 

There was in each case a systematic relation between the dose of acetazolamide 
administered and the rate of renal bicarbonate reabsorption, with very little 
variation between different persons (Table 1 and Fig. 1). As little as 3 mg 
(about 0-00017 m-mole/kg body wt.) of the sodium salt caused an appreciable 
reduction of renal bicarbonate reabsorption, a large effect was obtained from 
300 mg and only a trivial further effect from 1000 mg. The general form of the 
curves of Fig. 1 suggests that as the dose of acetazolamide was increased bi- 
carbonate reabsorption approached asymptotically to a limiting value equal to 
roughly three-quarters of the initial level, or, in other words, the final reduction 
of reabsorption was about 25%. 

In each of the short-term experiments the plasma bicarbonate concentra- 
tion showed a slight progressive fall, due, presumably, to excretion of bicarbo- 
nate in the urine. The total bicarbonate excretion in the 3 hr period of these 
experiments ranged from 66 to 101 m-equiv. The maximum variation in 
plasma CO, tension which occurred in any of the human experiments was 


4mm Hg. 
Animal experiments 
Fig. 2 shows the relation between the rate of renal bicarbonate reabsorption 
and the amount of acetazolamide administered (range and average values of six 


iq 
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experiments). After small doses of the drug, comparable in terms of body 
weight with those given to the human subjects, the change in bicarbonate re- 
absorption in dogs was of the same order but somewhat greater than that in 
man (Fig. 2.4). The average reduction in reabsorption after a single dose of 
sodium acetazolamide of 0-08 m-mole/kg was 36%. However, comparison of 
Figs. 1 and 2A will show the much wider variation of the results in animals 
compared with those in human beings and also the erratic fluctuations in renal 
bicarbonate reabsorption, possibly related to the variation of arterial pCO, 
which occurred during the course of the animal experiments. The effects of 


Taiz 1. Effect of intravenous sodium acetazolamide on bicarbonate reabsorption 
Subject B, weight 85-5 kg 


Sodium 
acetazola- Glomeru- Mean HCO, HCO, HOO, re- 
mide cumu- lar filtra- Plasma ma filtered excreted absorbed 
Time lative dose tion rate HCO, (m- HCO, (m- (m-equiv/ (m-equiv/ aro HCO, reabsorbed oa 
(min) (me) (ml./min) equiv/l.) equiv/l.) min) min) ~ HCO, filtered 
— 244 — — 0-05 4: 98-9 
0 3 _ 24-9 — — 0-25 4-46 94-7 
+11 — 25-3 4-71 93-8 
+254 33 25-6 0-34 4:37 92-9 
+36 174 0-64 4-03 86-4 
+46 103 24-5 0-65 4-02 86-0 
+ 56} 173 0-73 3-77 83-9 
— 24-2 4-50 — } 84-5 
+76 203 — 23-8 — =~ 0-67 3-83 85-0 
+90 185 -- 0-71 3-66 83-8 
23-5 4-37 — 84-8 
+102 378 23-2 0-63 3-74 85-8 
+112 — 0-66 3-62 84-3 
+1234 678 22-7 0-65 3-63 84-7 
+134 — — 0-66 3-55 84-5 
22-7 4-21 — } 85-1 
+1 1003 22-6 0-61 3-60 85-7 
+1 — 0-63 3°57 84'8) 
+ 169 —e — — 22-6 4-20 0-55 3-65 36-9} 


administration of very large doses —2-5-3-5 m-mole (625-875 mg)/kg body 
wt.-—were also variable: bicarbonate reabsorption fell by 32% in dog 2, by 
67% in dog 1 and by 76% in dog 6 (Fig. 2B). 

It should be emphasized at this point that in calculating the rate of bicarbo- 
nate reabsorption in these six experiments the ‘mean’ plasma bicarbonate 
concentration was taken as the arithmetic mean of the values immediately 
before and 20 min after injection of acetazolamide. Three subsequent experi- 
ments, however, indicated that large doses of sodium acetazolamide produced 
an abrupt but transient metabolic alkalosis which greatly influenced the true 
mean plasma bicarbonate in the 20 min period following injection of the 
inhibitor. The data from three experiments (Fig. 3) show that for each milli- 
mole (257 mg) of sodium acetazolamide injected per kilogram of body weight, 
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Fig. 1. Effect of increasing doses of sodium acetazolamide on tubular reabsorption of bicarbonate 
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in five normal subjects. Dots represent experimentally determined data; continuous lines are 
derived mathematically (see Discussion). 
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Sodium acetazolamide (m-mole/kg body wt.) 
Fig. 2. Apparent effect of increasing doses of sodium acetazolamide on renal reabsorption of bi- 
carbonate in six dogs. Results obtained when plasma bicarbonate concentration is measured 
at intervals of 20 min. O, highest observed values; @, lowest observed values; @, mean 
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the plasma bicarbonate concentration rose within 1-2 min after injection to a 
peak at which it was 1-9-2-8 m-equiv/l. higher than the control level, while the 
blood pH increased by 0-08-0-12 units. The increments of plasma bicarbonate 
and pH were approximately halved by the end of each 10 min interval after 
injection of the drug. 


1 m-mole/kg sodium acetazolamide. 

Table 2 shows details of one of the experiments in which an attempt was 
made to allow for these immediate acid—base effects of sodium acetazolamide 
by collecting urine over intervals of only 10 min, while making frequent 
measurements of the plasma bicarbonate concentration. In the three dogs in 
which true mean values of plasma bicarbonate were obtained by planimetric 
analysis of the concentration—time curve derived from frequent sampling, the 
amount of bicarbonate appearing in the urine rose to 55, 60 and 52% of the 
filtered load. Had the results been calculated from the arithmetic mean of the 
first and last plasma bicarbonate levels, as was done in the earlier experiments, 
these values would have appeared to be 66, 78 and 74% (Fig. 4). 


TaBLZ 2. Effect of intravenous sodium acetazolamide on bicarbonate reabsorption. Dog 7, female, weight 11 kg; anaesthesia 
with ether followed by intravenous pentobarbitone; spontaneous respifation to 90 min, respiration then controlled by pump 


sea 282859758 


Sodium oe. Plasma HOO, HOO, H 
amide HOO, m-equiv/ (m-eguiv/ Gm-equiv] reabsorbed 
1 
fin) BOG, min) min) HOO, filtered“ 
35 
— 52 = 15-7 0-858 0-038 0-820 95-5 
= 7- 97 35 15-5 
— 158 15-6 0-787 0-035 0-752 95-6 
726 155 15-6 0-541 0-199 0-342 63-2 
15-0 0474 0199 0-275 58-0 
2% 86716 (46 15-8 0-437 0-224 0-213 48-7 
7-12 48 
10 ae ee 143 14-8 0-403 0-190 0-213 52-9 
— 738 388 21-5 
— 47 20-3} 20-1 0-992 0-472 0-520 52-4 
— 7-27 41 18-1 
167 17-4 0-293 0-161 0-132 45-1 
108 16-6 0-435 0-234 0-201 46-2 
has 158 15-9 0-317 0-142 0-175 55-2 
153 15-8 0467 0-301 64-5 
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We also observed a reduction in arterial pCO, ranging from 10 to 40% of the 
control level during the first minute after injection of large amounts of sodium 
acetazolamide. This was presumably due to direct combination of the hydro- 
lysed alkaline salt with dissolved CO, in the blood, since respiration was, at the 
same time, often greatly depressed. The maximum change which occurred in a 
single animal was 51 mm Hg. The variation in pCO, was not less than 8 mm Hg 
during any experiment. This occurred despite all efforts to maintain an even 
plane of anaesthesia and, in some later experiments, to keep the blood pco, 
constant by controlling ventilation with a respiratory pump. 

A further complication was introduced by the rapid fall in blood pressure 
which followed a large dose of sodium acetazolamide. This probably produced a 
considerable reduction in the glomerular filtration rate, but the changes were 
too rapid to measure. 


- 


25 28 33 16 
(rm-mole/kg) 
Fig. 4 Fig. 5 


Fig. 4. Effect of method of calculation on apparent rate of bicarbonate reabsorption in dogs. 
0, calculated from apparent plasma bicarbonate concentration; ™, calculated from true 
mean plasma bicarbonate concentration. 

Fig. 5. Error introduced by method of calculation of mean plasma bicarbonate. Dog, 12 kg, 
received 8 g sodium acetazolamide intravenously at arrow ¢ . 


DISCUSSION 


The aim of this work was to see whether the relation between increasing doses 
of acetazolamide and the rate of renal reabsorption of bicarbonate was con- 
sistent with the hypothesis that reabsorption is accomplished by a single 
mechanism requiring carbonic anhydrase. If inferences about this are to be 
drawn from such a dose-response relation it is manifestly essential to know 
either that the effects of sodium acetazolamide on bicarbonate reabsorption 
are entirely due to its inhibitory action on carbonic anhydrase, or that allow- 
ance can be made with sufficient accuracy for any other actions of the drug. It 
is clear that when the alkaline sodium salt of acetazolamide is used, the effects 


4 
100 
— fi 
a0 > 7 
£ 24 
5 
= £ nN 
48 : 
3 
15 20 «25 
Sodi 
Juce/ 
100 


284 T. HANLEY AND OTHERS 


of the drug are, in fact, not confined to inhibition of carbonic anhydrase, since 
large amounts injected intravenously cause a metabolic alkalosis, with a simul- 
taneous reduction of arterial pCO,. An obvious explanation of this, already 
suggested by Maren (1956), is that the alkaline salt reacts with carbonic acid to 
form sodium bicarbonate in the plasma. A detailed study of this reaction is to 
be presented in a further paper; but in the present context the important point 
is that the bicarbonate released into the plasma will automatically increase the 
filtered load of bicarbonate presented to the tubules for reabsorption. How- 
ever, this change is transient and may not be apparent if the blood is not 
analysed often enough. The significance of this is illustrated in Fig. 5. The mean 
plasma bicarbonate concentration in the 23 min period of urine collection after 
injection of the drug would be 16-9 m-equiv/l. if this were calculated from the 
average of the values immediately before injection and 23 min later, i.e. if one 
were ignorant of the interim changes in plasma bicarbonate concentration. The 
mean plasma bicarbonate concentration, however, estimated planimetrically 
from a graph of time against concentration, would be 20 m-equiv/l. Taking this 
as the true mean plasma concentration, the calculated rate of renal bicarbonate 
reabsorption during the period of urine collection would be 3-1 m-equiv/l. of 
glomerular filtrate higher than that given by the simple two-value calculation. 
In other words, taking only two samples for bicarbonate analysis, one immedi- 
ately before and one 23 min after injection of thé drug, would underestimate 
reabsorption by about 16%. Non-recognition of such transient changes in 
plasma bicarbonate concentration may have accounted, to some extent at 
least, for the apparent almost total abolition of bicarbonate reabsorption 
reported by Schwartz & Relman (1954) in response to injections in dogs of 

sodium acetazolamide 500 mg/kg body wt.; no experimental details of this 
_ work are available, however. 

In the ideal experiment for our purpose, only one variable, the dose of 
acetazolamide, would be deliberately altered, and other factors which are known 
to influence bicarbonate reabsorption, the plasma bicarbonate concentration, 
arterial pCO, and G.¥.R., would remain constant. In the observations on normal 
persons described above there was a reasonably close approach to this. But in the 
animal experiments, particularly those involving large doses. of the inhibitor, 
there were changes in arterial pCO, and almost certainly in the ¢.¥.R. which 
introduced imponderable errors in calculation and interpretation of the results 
of the animal experiments. This, coupled with the error which would be involved 
in attempting to allow for the alkalizing effect of the drug, makes invidious any 
attempt to draw firm conclusions from the high-dose experiments on dogs 
reported here. 

As might be expected, the magnitude of the metabolic alkalosis induced by 
the drug’s alkalizing effect appears to be proportional to the dose given. 
Applying the data from animal experiments to man it is calculated that 
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administration of 1000 mg to an adult of 50 kg body weight would cause a peak 
increase of only about 0-20 m-equiv/l. in plasma bicarbonate. This would 
represent a 1% increase in plasma containing 20 m-equiv/l. a change which 
would be within the }imits of error of measurement. Thus, in the observations 
on human beings, in whom the maximum dose administered was only 16 mg/ 
kg body wt., the alkalosis produced by the drug can safely be regarded as 
negligibly small. 


Significance of the experimental results in human beings 

The essence of the findings here is that as the dose of the inhibitor is 
increased bicarbonate reabsorption by the renal tubules diminishes in a 
characteristic way and appears to approach asymptotically a limiting value 
equal to roughly 75 %, of the initial level. The inference which might be drawn _ 
is that the drug has inhibited one mechanism of tubular bicarbonate reabsorp- 
tion which is dependent on the enzyme, the reabsorptive capacity of which is 
only about 25°% of the normal load of bicarbonate presented to the tubules. 
The validity of this inference depends on whether the rate of bicarbonate re- 
absorption does genuinely approach a limiting value or not. The evidence 
would be strengthened by extending tenfold the range of dosage beyond 
1000 mg, but this was not considered to be a justifiable hazard for our volun- 
teers, and would, in any case, have involved large corrections for the alkalizing 
effect of the drug. 

There is good evidence (Davenport, 1945) that the reaction between the 
sulphonamide inhibitors of carbonic anhydrase and the enzyme is mono- 
molecular. This reaction, by the law of mass action, can therefore be written as 


follows: 
(E) (A—EA) 
K, (1) 


where E is the concentration of free enzyme at equilibrium, 
A is the original concentration of inhibitor, sen 
EA is the concentration of enzyme + inhibitor complex at equilibrium, 
and 
K is the equilibrium constant. 


In the following argument we attempt to demonstrate that infinite doses of 
the inhibitor would not produce an appreciably greater reduction in the amount 
of bicarbonate reabsorbed by the tubules than was produced by the largest 
doses used in our observations on human subjects. 

The following assumptions are made: 

(1) (ZA) is negligibly small in comparison with (A). 

(2) The concentration of inhibitor in the renal tubule cells is directly propor- 
tional to the cumulative dose of acetazolamide administered. 
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(3) The amount of bicarbonate reabsorbed by the renal carbonic anhydrase 
mechanism is proportional to the concentration of active enzyme in the tubule 
cells. 

No correction has been made for the excretion of drug during the experi- 
mental period. 

Equation (1) may then be modified to: 


where R is the observed amount of bicarbonate reabsorbed from 11. of 
glomerular filtrate after a dose D of acetazolamide, 
C is the amount of bicarbonate reabsorbed before administration of the 
drug, and 
X is the amount of bicarbonate which would be reabsorbed from each 
litre of glomerular filtrate if carbonic anhydrase activity were nil. 


Then (C — R) is the reduction in bicarbonate reabsorption due to inhibition 
of enzyme and (R—X) is the amount of bicarbonate being reabsorbed by the 
uninhibited enzyme. 


Tastx 3. Values of constants obtained by substituting results observed for different 


subjects in equation (2) 
Subject x Kk’ 0 
A 18-9 (0-11) 15-2 (0-59) 26-5 
B 20-1 (0-14) 31-1 (5-51) 25-5 
C 17-0 (0-12) 22-6 (3-94) 22-8 
E 17-2 (0-11) 8-2 (1-24) 24-3 
D 18-2 (0-21) 38-0 (6-51) 24-9 


The standard errors are given within brackets: dhiite Gal Wc chasis A. Band C are based on 
@ common estimate of the root mean squared deviation of R from the curves of these subjects. 
Those of subjects Z and D are based on a common estimate for all curves. 


Equation (2) has been fitted to the results from each subject, using the 
method of least squares, thus providing estimates of X, K’ and C and their 
standard errors (Table 3). The fitted relationship from the equation is illus- 
trated by the continuous curves in Fig. 1 along with the observations for each 
subject. These suggest good agreement between the law and the experimental 
results. The standard errors of X are all small compared with the estimates of 
X, confirming that the lower limit approached by the curve as D increases is 
substantially and significantly greater than zero. 

It is always possible that some other mechanism may take over as the dose 
of inhibitor increases beyond the range experienced and that the true relation- 
ship may diverge from the fitted one beyond this range. However, our experi- 
ments provide no evidence to suggest that large doses of acetazolamide in man 
would produce complete excretion of the bicarbonate filtered by the glomeruli. 
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We have also been unable to confirm the observation that in dogs 90% of 

__ filtered bicarbonate is excreted in the urine after injection of 500 mg/kg body 

wt. of acetazolamide. We consider, therefore, on the basis of these results that 

there are at least two mechanisms by which tubular reabsorption of bicarbo- 
nate occurs and that only one is dependent upon carbonic anhydrase. 


SUMMARY 


1, The effect on the renal excretion of bicarbonate of intravenous injection 


of increasing doses of sodium acetazolamide up to a total of 1 g has been studied 
in five normal persons. 


_ 2, The maximum amount of bicarbonate excreted was 21-29% of the load 
filtered by the glomeruli. 

3. Similar experiments were carried out on nine dogs, each of which received 
over 500 mg/kg body weight of sodium acetazolamide. 

4. The large doses of sodium acetazolamide given to dogs produced a con- 
siderable but transient increase in plasma bicarbonate concentration. 

5. When due allowance was made for the increased filtered load of bi- 
carbonate produced by the sodium acetazolamide, the maximum amount of 
bicarbonate excreted in the urine of the dogs after large doses of the drug was 
60% of the filtered load. 

6. A theoretical analysis of our results supports our conclusion that in man 
the renal tubules reabsorb about 75% of the filtered bicarbonate by one or 
more mechanisms which are not dependent on carbonic anhydrase. 
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Professor G. M. Wilson, and technical help from Miss M. S. Greaves, Mrs 8. Bradford and Mr D. 
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TRANSMISSION AT THE GIANT MOTOR SYNAPSES 
OF THE CRAYFISH 


By E. J. FURSHPAN* anv D. D. POTTER* 
From the Biophysics Department, University College London 
(Received 30 July 1958) 


A number of studies have recently been made on the mechanism of impulse 
transmission across (a) the neuromuscular junction (del Castillo & Katz, 
1956), (6) certain synapses on the motoneurone (Eccles, 1957) and (c) the 
nerve-electroplaque junction (Grundfest, 1957). In each case it seems likely 
that local circuit action stops at the junction and that the prejunctional action 
currents contribute very little to the observed post-synaptic potentials. At all 
these synapses, however, the prejunctional terminals are too small to be im- 
paled with micro-electrodes and it has not been possible to determine quanti- 
tatively the resistance of the junction to local current flow (see; however, del 
Castillo & Katz, 1954). Therefore it seemed of interest to study a synapse in 
which both elements were amenable to the use of intracellular electrodes. 
Several such junctions, with large pre- and post-synaptic units, are known in 
invertebrate nervous systems (Johnson, 1924; Stough, 1926; Young, 1939). 
The particular ones chosen were the giant motor synapses (GMS’s) of the 
abdominal nerve cord of the crayfish. The anatomy of the GMS’s, which will 
be discussed in greater detail below, has been studied by Johnson (1924) 
with the light microscope and by Robertson (1952, 1953, 1955) with the electron 
microscope. Wiersma (1947) has recorded the electrical responses of the 
synaptic elements using extracellular electrodes. He found that in preparations 
in good condition, a single presynaptic impulse evoked one conducted post- 
synaptic spike and that transmission took place in only one direction. 

One interesting aspect of the GMS’s is that the ‘pre-fibres’ (presynaptic 
fibres) are even larger than the ‘post-fibres’ (post-synaptic fibres). The 
possibility was, therefore, considered from the beginning that the presynaptic 
action currents would stimulate the post-fibre, ie. that an ‘electrical’ 
mechanism of transmission operated (Fatt, 1954). Strong evidence has been 
obtained to support this view. It has also been found that the ‘synaptic 
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membrane’ has the properties of an electric rectifier, which explains the one- 
way character of the transmission. A preliminary account of this work has 
been published (Furshpan & Potter, 1957). 


METHODS 
The anatomy of the synaptic elements 
The following description is based mainly on Johnson (1924). 

Pre-fibres. Two pairs of giant axons constitute the pre-fibres of the crayfish GMS’s. The medial 
pair extend unbranched and without interruption through almost the entire length of the nerve 
cord. Each member of the lateral pair, on the other hand, consists of a longitudinal chain of 
separate axons. The abdominal portion of a lateral giant axon is formed by six such axon seg- 
ments, each joined to the next by a junction which will be referred to as a ‘segmental’ synapse. 


Lateral giant Micro-electrodes 
fibre (pre) 


Portion of a crayfish nerve cord CY 


Text-fig. 1. Semidiagrammatic drawing of a portion of a crayfish abdominal nerve cord, con- 
taining one ganglion. The course of one motor giant axon is shown from its cell body in the 
ventral part of the ganglion (Hardy, 1894; Johnson, 1924) until it leaves the third ganglionic 
root on the opposite side of the cord. Only its junction with the lateral giant pre-fibre is 
shown ; but its synapses with the two medial giant fibres are located just centrally, where the 
latter fibres cross the motor axon. A synapse between two segments of the lateral giant 
fibre is also shown. The ventral continuation of the anterior segment presumably goes to the 
cell body and also provides the collateral, which makes synaptic connexion with that of the 
contralateral segment (not shown). 


Wiersma (1947) has shown that the nerve impulse crosses these junctions in either direction. In 
preliminary experiments using intracellular electrodes we have found that electrotonic currents 
flow freely across them in either direction (cf. Kao & Grundfest, 1956); but they seem to be regions 
of low safety factor at which spikes, in depressed preparations, may be blocked. Text-fig. 1 
shows parts of two segments of a lateral giant axon with a synapse between them. 

Post-fibres. The post-fibres are giant motor axons which innervate the flexor musculature of 
the tail (abdomen), There is one such fibre on each side of the first five abdominal ganglia, the 
sixth ganglion having two pairs. The cell body lies close to the ventral surface of the ganglion 
(Text-fig. 1). From there the axon extends dorsally, making synaptic connexion with a number 
of fibres before finally emerging from the cord in the third (ganglionic) root of the opposite side. 
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The motor giant axons will be designated by the side of the cord from which they emerge rather 
than the side on which the cell body lies. Histological evidence (Johnson, 1924; Wiersma, 1947) 

that the motor giant axon forms synapses with the following fibres: (1) the ipsilateral 
segmental (lateral) giant axon, (2) the ipsilateral medial giant axon, (3) the contralateral medial 
giant axon, (4) the collateral (see Results, p. 297) of the contralateral segmental giant axon, and 
(5) the contralateral motor giant axon at the point at which both cross the mid line. Wiersma 
(1947) has shown that one-to-one transmission can occur at synapses (1), (2) and (3); but there 
is as yet no physiological evidence for the presence of synapses (4) and (5) (but see below, p. 303). 
In the experiments to be described synapse (1) has been used almost exclusively and it is the the 
only one shown in Text-fig. 1. Its structure is described in the Discussion (p. 319). The presence 
of yet other synapses on the giant motor fibre will be considered in the following paper (Furshpan 
& Potter, 1959). 

Experimental procedure 

The preparation. The crayfish Astacus fluviatilis was used in all experiments. The part of the 
nerve cord extending from the last thoracic ganglion to the last abdominal ganglion was dissected 
from the animal as follows. After removal of the dorsal parts of the thoracic and abdominal 
exoskeleton the animal was secured in a bath of saline, dorsal side up. The attachments of the 
third roots to the flexor muscles were exposed by dividing the musculature along the mid line. 
The third roots were then severed as far from the cord as possible and the muscles entirely removed. 
The first and second roots of each ganglion were cut at least 1 mm from the cord and then the 
cord itself was freed from the connective tissue binding it to the floor of the abdomen and thorax. 

In order to reduce displacement of the cord during experimental manipulations, it was fixed to 
a platform in a Perspex perfusion chamber in the following way. The platform possessed two 
parallel-sided grooves (0-45 mm wide and 2-5 mm apart) between which the cord was placed with 
its longitudinal axis parallel to the grooves and its dorsal surface uppermost. The first and second 
roots of each ganglion, which were not otherwise used, were then wedged into the grooves on their 
respective sides with short lengths of 26 s.w.c. platinum wire. 

Dark-field illumination considerably aided the observation of the synaptic elements and was used 
in all experiments. In order to allow the condenser to be brought sufficiently close to the prepara - 
tion, an aperture was cut into the Perspex plate which supported the perfusion chamber. The con- 
denser was raised and lowered with a rack and pinion device. It was convenient to be able to 
move the chamber, in the horizontal plane, with respect to the condenser and a mechanical 
stage was used to fix the chamber to the supporting plate. 

In order to expose the axons for impaling, the sheath which encloses the cord was removed from 
the dorsal surface of the ganglion and of the region of cord immediately posterior to it. It was 
especially important to perform this operation with care to avoid serious injury to the synaptic 
elements. 

Both pre- and post-fibres could be stimulated with external electrodes. In the case of the post- 
fibre the third root was carefully drawn into a glass capillary with the aid of a small hypodermic 
syringe. The stimulating voltage was then applied between the inside of the capillary and the 
bath. A similar method was used for the pre-fibre; but instead of drawing the axon into the 
capillary, the latter was placed on the surface of the cord over the axon. The slight negative pres- 
sure supplied by the syringe produced a partial sealing of the capillary to the fibre and reduced 
the shunting of the stimulating current. 

Impaling the axons. The fibres forming the GMS lie very close to the dorsal surface of the cord, 
and after removal of the sheath they are accessible for the insertion of the micro-electrodes. With 
dark-field illumination the giant pre-fibres were almost always clearly visible as broad dark bands 
contrasting with the rest of the cord, which appeared bright. The giant motor fibre usually could 
not be clearly distinguished, but its position could almost always be inferred from slight visual 
clues and the fact that it is the most posterior of the large fibres entering the third root (see also 
Hardy, 1894). In any case, the criteria for accepting a successful entry into a motor giant axon 
were entirely physiological (see below, p. 298). 
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In spite of the large number of preparations which were made, each containing ten potentially 
usable giant motor synapses, the number of successful experiments has been relatively small. The 
chief impediment has been the difficulty experienced in the insertion of the micro-electrodes. It 
was usually easier to impale the lateral giant axons than the medial ones, and the former were used 
as pre-fibres in almost all experiments. The giant motor axons were usually the most difficult of 
the fibres to enter. The pre-fibre electrodes were inserted first, for once inside the cell they were 
not easily dislodged by further manipulation. 

In some experiments two micro-electrodes were inserted into each fibre; in other experiments 
only one. When four electrodes were used, the two within a single fibre were separated from one 
another by 0-05-0-3 mm (usually about 0-15 mm). The distance from the nearest pre-fibre 
electrode to the edge of the post-fibre (at the synapse) was usually within the same range. At 
least one, and sometimes both, of the post-fibre electrodes were inserted in the region of fibre- 
crossing. 

Before experience had been gained in locating the motor giant axon, entries were often made, 
inadvertently, into the smaller axons which also leave the cord in the third root (PI. 1). These 
fibres cross over the lateral giant axon in the same general region as does the motor giant axon and 
there is physiological evidence that at least some of them make synaptic connexion with the lateral 
giant axon. The position of the junctions, however, does not seem to be at the place of crossing, 
but at some other site, probably deeper within the cord. The analysis of the GMS which is given 
below cannot be applied to these synapses, for such analysis requires either that the internal record- 
ing electrodes be close to the junction, or at least that their distance from the synapse, as well as 
the characteristic lengths of the junctional elements, be known. Text-fig. 2 shows the response 
recorded from one of the smaller third root fibres following stimulation of the lateral giant axon. 
The post-synaptic potential is much slower and the synaptic delay longer than in the case of a 
GMS (see Text-fig. 7b for comparison), but without knowing the position of the junction, little 
can be deduced about the mechanism of the transmission process. The prolonged time course and 
delay of the post-synaptic response might equally well be due to chemical transmitter action, 
to electrotonic decrement within the post-fibre or to a combination of both factors. It was, there- 
fore, very important to know which of the third-root fibres the post-synaptic electrodes had 
entered, for only the giant motor axon is known to make a synapse with the lateral pre-fibre at 
the place of crossing it. The criteria used for recognizing an entry into a motor giant will be 
described below (see Results, p. 298). 

Micro-electrodes. Especially in the case of post-fibres, only micro-pipettes with very fine tip 
diameters could be successfully inserted ; but it was also necessary that the electrodes should pass 
relatively large currents. It was found that micropipettes of 15-20 MQ resistance, pulled from 
Pyrex glass tubing with an outside diameter of about 2 mm and wall thickness about 0-35 mm, 
usually met the above specifications without being too fragile. Selection of the glass tubing for 
the appropriate wall thickness was done with the aid of a microscope and ocular micrometer. 

The four micro-electrodes were held by separate micromanipulators and the tips of all electrodes 
could be manceuvred within the same small field. The usual techniquee for intracellular potential 
recording and passing of current across fibre membranes were used (Fatt & Katz, 1951), except 
for the method of inserting the current-passing electrodes. Each micropipette could be used to 
pass current or to measure voltage and was used in the latter way to register resting potential 
during insertion. The probe unit of each of the four cathode-followers contained a pair of micro- 
switches operated simultaneously by a single lever. In one position of the switches, the Ag—AgC! 
wire from the micro-electrode was connected to the grid of the cathode-follower probe valve (see 
Text-fig. 3); and the metal shielding surrounding (a) the probe valve, (b) the Ag—AgCl wire, and 
(c) the upper part of the micro-electrode, was connected to the cathode of the same valve (Nastuk 
& Hodgkin, 1950). With the alternative switch position, the connexion of the Ag-AgCl wire 
was changed from the grid to a lead to the current generator and all the shielding associated with 
that channel was switched from cathode to earth. Also, when current was being passed, the grid 
of the reference valve of that cathode-follower was switched from the bath electrode to earth. 
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Text-fig. 2. The post-synaptic response, of one of the snualler fibres of the third root, to stimula- 
tion of the lateral giant axon of the same side. The pre-fibre spike is shown above, the p.s.p. 
below. Compare the delay and the time course of the p.s.p. with that of a giant motor svnapse 
(Text-fig. 7). Intracellular recording in this and all subsequent records. Voltage calibra- 
tion: 50 mV, pre-; 5 mV, post-. 


Screening 
Vv Current 


generator 


Voltage ¢ 
recording’ 
Micro- 
electrode 


| Current 
recording 
Bath 


Text-fig. 3. The switching arrangement for alternatively passing current or recording potential 
with a micro-electrode. There are separate switches and cathode followers for each of the four 
micro-electrodes, but only one two-channel current generator. Leads from each switch are 
available, however, for plugging into either channel. 
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Switching the shielding and the reference-valve grid to earth when current was being passed 
decreased the capacitative artifact recorded in other channels. The potential across the current- 
monitoring resistance, as well as the output of any of the cathode-followere, could be led into 
either of two DC amplifiers, and observed on the screen of a double-beam oscilloscope. 

For the experiments to be most useful it was necessary to collect a large amount of data. In 
order that the measurements oduld all be made within a short period of time, a recording method 
similar to that used by Cole & Curtis (1941) was found to be convenient. It is illustrated in 
Text-fig. 4, which shows the relationship of steady-state current to membrane potential for the 
lateral giant pre-fibre. The recording was made by switching the connexion of the X-plates of the 
cathode-ray tube from the time base generator to the second DC amplifier. Then the output of 
one amplifier moved the beam vertically, while the output of the other gave horizontal deflexions. 


Text-fig. 4. The direct recording from the oscilloscope of current-voltage curves of a lateral 
giant axon. The potential across a monitor resistance, which was proportional to the current 
applied to the fibre through one micro-electrode, was registered on the abscissa; while the 
membrane potential of the fibre, recorded by a second nearby intracellular electrode, was 
recorded on the ordinate. In a, the current applied to the fibre was rapidly increased in small 
increments by manual operation of the wire-wound potentiometer controlling the DC output 
of the current generator. In } rectangular current pulses of varying sizes and 70 msec in 
duration were applied to the fibre, while recording current and voltage as in a. Each pulse 
produced one of the points on the curve. Records of this kind served as controls for those of 
the first type. 


In Text-fig. 4a the applied current was recorded as a horizontal deflexion, while the concomitant 
changes in the membrane potential were registered as a vertical deflexion. The current, which was 
varied by manual operation of the output potentiometer of the current generator, was steadily 
increased during a period of 1-2 sec. It was also possible to pass rectangular (70 msec) pulses of 
current of various magnitudes. Then a number of points were obtained lying along the same curve 
as is shown in Text-fig. 4b. Both types of record were usually made, the second serving as a 
control for the first; for there was some question whether the rate of increase of current during 
manual control of the potentiometer would affect the slope of the current-voltage curve. The 
error attributable to this factor was usually found to be negligible and it was then preferable to 
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use the first type of record (Text-fig. 4a), which allowed more accurate determination of the 
origin. The points which give the axes in Text-fig. 4 were produced with a decade calibrator. The 
photographic record, then, is a multiple exposure of calibrating voltage steps of both polarities 
applied to both channels and the current-voltage relationship of the fibre membrane for both a 
inward and outward currents. Less than a minute was usually required to complete such 
record. 

When studying the properties of the GMS with only two micro-electrodes, the graphs made 
were similar, but related membrane potential of one fibre to the current applied to the other. The 
experiments which gave the most information, however, were those in which two electrodes were 
inserted into each axon. In these cases the membrane potentials of both fibres were simultaneously 
recorded on rectangular co-ordinates, while using the remaining internal electrodes to apply 
current first to one axon and then the other. 

The physiological saline was made according to the formula of van Harreveld (1936) and had the 
following composition: (mm) NaCl 205, CaCl, 13-5, KCl 5-4, MgCl, 2-6, NaHCO, 2-3. Experiments 
were usually made at about 20° C. 

Histology. In order to estimate the diameter of the presynaptic and post-synaptic axons and 
the area of synaptic contact, histological preparations were made from the nerve cords of five 
crayfish. The cords were fixed for a few hours in cold vom Rath’s fixative (vom Rath, 1895) to 
which CaCl, had been added to a final concentration of 1%. It was found that the outside dimen- 
sions of the cords were decreased by about 20% during the histological preparation and the 
measurements of axon diameter were increased in the same proportion. The diameters of the 
lateral, medial and motor giant axons were variable along the course of the fibres, even within a 
single segment. It is possible that, in the case of the pre-fibres, this variation was largely an 
artifact of histological preparation. The diameter of the lateral giant axons was found to be 
91-7+3-0pn (mean+s..), that of the medial giant axons, 59-1 + 2-8,/. The motor axons showed a 
more or less abrupt increase in diameter, about twofold or more, at the point at which they crossed 
the mid line and formed synapses with the motor fibre of the opposite side. They usually reached 
their largest diameter while passing under the ipsilateral medial giant axon, and then gradually 
became thinner as they crossed over the lateral pre-fibre. The diameter of the motor axons at 
the point at which they formed synapses with the lateral fibres was 38-5+1-6y. All the above 
diameters are the means of about twenty measurements from seven different ganglia. 

Synaptic contact between the two axons comes about by means of numerous processes of the 
post-fibre which penetrate intervening sheaths and come into close association with pre-fibre 
membrane (Robertson, 1953, 1955; see Discussion). In several of our preparations it was possible 
to see that these post-fibre processes expanded before terminating, thus providing an enlarged 
area of contact between the two membranes. In one of these cords the terminal expansions could 
be seen sufficiently clearly to be measured in serial sections and thus an estimate of the total area of 
synaptic contact could be made. The value found was 6 x 10-* cm’, with a range of uncertainty 
of 3-8 x 10-5 em*. This cord, which was not used for measuring axon diameters, was taken from 
a smaller animal than were those on which the electrical recordings were made; and in calculating 
the resistance of a unit area of the ‘synaptic membrane’ (see Discussion) a value of 10~* cm* was 
used. 

RESULTS 
Identification of the impaled axons 

Lateral giant pre-fibres. With few exceptions the micro-electrode could be 
placed into the lateral giant axon at the first attempt. Examples of the action 
potentials of these fibres are shown in Text-fig. 5. The largest part of the falling 
phase was complete in 1-1-5 msec after the start of the spike and was followed 
by a more prolonged ‘tail’. The small deflexion several milliseconds after the 


spike, in @ (indicated by the arrow), was observed in a number of preparations 
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and was found to coincide with the firing of the lateral giant segment on the 
opposite side of the cord. Text-fig. 5c shows simultaneous intracellular record- 
ings from the right and left lateral giant axons, at the same level of the cord. 
The right segment was stimulated by means of a third internal electrode and 
the resulting spike arose from the local electrotonic pulse. Accompanying this 


Text-fig. 5. Action potentials recorded intracellularly from lateral giant pre-fibres. Stimulation 
in a and 6 was through external, and in c and d internal, electrodes. The arrows indicate the 
small deflexions (collateral potentials) associated with firing of the other lateral giant. 
In ¢ and d simultaneous recordings were made from the two lateral giant segments of the 
same ganglion; a spike in one was accompanied by a small deflexion in the other. When a 
supraliminal current pulee was applied to the fibre on the right side (lower trace) the resulting 
spike failed to cross to the other side immediately, but gave rise to firing in that segment 
about 7-5 msec later. This delayed spike was presumably due to the impulse crossing to the 
left side in some distant ganglion. In c the late left-segment spike failed to cross back to the 
right side; but in d it did so and the cycle was then repeated twice. 


spike a small deflexion (upper arrow) was recorded from the left fibre, followed 
5-5 msec later by a conducted impulse; and this delayed spike was similarly 
accompanied by a small deflexion in the right segment (lower arrow). The small 
defiexions and the late firing on the left side can be attributed to the known 
cross-connexions between left and right lateral giants. In each ganglion the 
segmental neurone of one side sends a relatively small collateral branch 
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toward the mid line, where it makes synaptic connexion with a similar branch 
from the other side (Johnson, 1924; also see Methods). Thus the lateral giant 
system is a ladder-shaped network, with synapses not only between the seg- 
ments of the ‘uprights’ (segmental synapses) but also in the centre of each 
‘rung’. These last junctions will be referred to as ‘collateral’ synapses to 
distinguish them from the segmental and giant motor synapses. The small 
deflexions shown in Fig. 5 would then, according to this explanation, be the 
‘collateral post-synaptic potentials (p.s.p.’s) and the delayed firing of the 
left segment due to impulse transmission at a collateral synapse in some 
distant ganglion. The presence of collateral p.s.p.’s were an additional aid in 
identifying the lateral giant axons. 

Another related property of the lateral fibre system which was sometimes 
observed, and which also helped in its identification, was a repetitive dis- 
charge following a single short stimulus. The records of Text-fig. 5d were 
taken from the same preparation and with the same electrode disposition as 
in c, but stimulation had been preceded by a longer period of rest. Rhythmic 
firing of this type can again be explained as a consequence of collateral 
synapses. Whereas the collateral p.s.p. in the right segment in ¢ (lower 
arrow) failed to excite, it can be seen that in d a conducted spike appeared in 
the place of the p.s.p. and was presumably evoked by the latter. This second 
spike in the right segment was followed by a second action potential in the 
left segment, again after a delay due presumably to the impulse crossing at 
some distant ganglion. A number of sweeps had been superimposed in d and 
it can be seen that in some of them the cycle was repeated once more (the 
third spikes in each segment) but in others the second collateral p.s.p. did — 
not succeed in reaching threshold. The third p.s.p. in the right segment failed 
to evoke a spike in all sweeps and repetition ceased. It should be pointed out 
that for an impulse to circulate in this way, around a loop of the lateral giant 
system, at least one of the collateral synapses must show effective one-way 
transmission, Otherwise, the impulse would cross at the first synapse and the 
two spikes would traverse the two segmental chains almost simultaneously, 
cancelling each other in the collateral branches. It can be seen that uni- 
directional transmission must have occurred in d, for the first spike on the 
right side was not followed by a contralateral impulse immediately, whereas 
the first left-segment spike did succeed in crossing with short delay. It seems 
highly probable that such one-way transmission in a system which appears to 
be anatomically symmetrical is due to injury and that the circuitous repetitive 
discharge is anomalous. 

When two micro-electrodes were inserted into the same segment of a lateral 
giant axon, the relationship could be obtained between steady current 
applied through one electrode and membrane potential recorded with the 
other. Such current-voltage curves were required for the analysis of the GMS 
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described below. Examples are shown in Text-figs. 4 and 13c. Their shape and 
slope at the origin were characteristic of the lateral giant axons and con- 
trasted with a typical curve obtained from a giant motor fibre (Text-fig. 13d). 
Provided that the distance between the two micro-electrodes was small in 
comparison to the length constant of the fibre, the slope at the origin of such a 
curve gives a measure of the input resistance, namely, the resistance between a 
point inside the fibre and the outside. The value of this slope for thirty lateral 
giant segments, each from a different preparation, was 1-03 + 0-05 x 10°Q 
(mean +8..). The thirty experiments selected were those in which the dis- 
tance between the current and voltage micro-electrodes was 0-2 mm or less, 
the mean distance being 0-14 mm. In eleven preparations a third electrode 
insertion was made and a rough measurement of the length constant (A) 
obtained. The mean value (+58.E.) was 1-1+0-1 mm. It was useful to know 
this quantity in order to correct for errors due to the finite distance between 
current-passing and voltage-recording electrodes, For example, the above 
measurement of ‘input resistance’ should be increased by about 12% to 
compensate for the mean interelectrode distance of 0-14 mm. 


The quantity A is not strictly applicable to the lateral giant axon, which is segmented and part 
of a ladder-shaped network rather than a uniform cylinder of indefinite length. The error intro- 
duced by ignoring these features, however, is probably not large: (i) the measurements were 
usually made with the micro-electrodes more than a millimetre from the nearest segmental 
synapse (i.e. about one ‘length constant’ away); (ii), the electrical resistance of the segmental 
synapse appears to be low (unpublished observations) ; (iii) the nearest collateral branch was always 
beyond the segmental synapse (see Text-fig. 1) and its ‘input resistance’ probably high compared 
to the main part of the segment. Even if the lateral giant axon did not approximate to a linear 
cable, however, the apparent ‘length constant’ would still have been useful; for a similar dis- 
position of the electrodes was used in obtaining ‘A’ and in making the other measurements to 
which the correction for spatial decrement was applied. 


The properties of the post-fibres. The post-fibre could be distinguished from 
any of the other fibres in the immediate neighbourhood by a number of 
physiological criteria. The first test was low-voltage stimulation of the third 
ganglionic root; and if the impaled axon fired, it was accepted as a third-root 
fibre. Text-fig. 6¢ shows such a direct response of an axon which was sub- 
subsequently found to be the motor giant axon. In many experiments the 
impaled post-fibres were incapable of conducting nerve impulses and only 
graded local responses were obtained. But in either case it was assumed that a 
third-root fibre had been impaled and the next step was to test its response to 
stimulation of the nerve cord. If the axon was the motor giant axon, charac- 
teristic post-synaptic responses of the type shown in Text-fig. 6b were obtained. 
The two records, taken from different experiments, are multiple exposures and 
in 6, the stimulating voltage was varied between sweeps. Provided that the 
shock intensity was sufficiently high, the early rapid deflexions were always 
followed by a slow potential (usually consisting of several summed components). 
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The early responses, as will be shown below, were evoked directly by the giant 
pre-fibres and were thus the p.s.p.’s of the giant motor synapses. They had an 
excitatory function and when supraliminal led to firing of the mene ee An 
example of such excitation is shown in c, in which cord stimulation intensity 
was varied while recording from the motor giant. The p.s.p. appeared in two 
steps, presumably associated with two different giant pre-fibres. In all but 
one of the sweeps, the summed p.s.p. evoked a post-fibre spike. 

The size of the ‘giant’ p.s.p.’s varied, in different preparations, over a wide 
range from a few to over 40 mV. But in those cases in which they seemed to 
be larger than 25-30 mV there was probably a component of local response; 


Text-fig. 6. Responses of the giant motor fibre. a, a directly evoked spike; the stimulus was 
applied to the third root by means of the capillary suction electrode. 5, giant and slow p-8.p.’s 
following stimulation of the dorsal surface of the nerve cord. Multiple exposures. In 6, the 
stimulus intensity was increased between successive sweeps. The pre-fibres for the slow re- 
sponse had the lowest threshold and only a slow potential is seen on the first sweep. c, @ multiple 
exposure in which cord stimulation intensity was increased between sweeps. Two giant 
p.s.p.’s summed to evoke firing of the motor fibre. The record was retouched. d, slow poten- 
tials in the absence of stimulation. ¢, ‘spontaneous’ slow potentials and giant p.s.p.’s. The 
faster response in the centre of each trace was evoked by stimulation of the lateral giant pre- 
fibre. This ‘giant’ p.s.p. was among the slowest recorded. The base lines have been drawn. 
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for in many preparations the post-fibre was unable to conduct action potentials 
and only showed graded, local spikes. Nevertheless, at some synapses a single 
p.8.p. could cause firing of the post-fibre and thus effect one-to-one transmis- 
sion. It seems likely that when the p.s.p.’s were small, this was the result of 
experimental damage (see Discussion). 


Post-synaptic potentials st the giant motor synapees 


Time from onset 
Number Rise time to half-decline 
of p.s.p.’s Size (mV) (msec) (msec) 
Lateral 28 17-9+1-4 0-45 + 0-02 1440-1 
pre-fibres (7-35) (0-31-0-91) (0-83—3-2) 
Medial 8 13-4+ 1-6 0-41+40-03 | 1-240-1 
pre-fibres (6-20) (0-31-0-55) (0-80-1-7) 


The initial rate of rise of these p.s.p.’s was usually rather slow. In order to obtain a more 
consistent measure of the time of rise, the approximately linear portion of the rising phase was 
extrapolated to the base line and this point taken as the onset. Values have been determined 
separately for p.s.p.’s evoked by lateral and other (medial) giant pre-fibres. The range is given in 
brackets beneath the mean and s.z. The upper limit of the range of rise times (0-91 msec) for 
lateral giant p.s.p.’s was considerably larger than the next-to-highest value, which was 0-58 msec. 


The time course of the ‘giant’ p.s.p.’s is summarized in Table 1. P.s.p.’s 
which were not associated wth firing of the lateral giant axon were assumed to 
be due to either of the medial pre-fibres (see Methods). Although p.s.p.’s can 
also be evoked by the contralateral segmental axon, such responses can be 
recognized by their small size and long latency (see below) and they have not 
been included in the table. The time courses of the two groups of p.s.p.’s 
(Table 1) were not significantly different. In both cases the rising phase was 
usually complete in less than 0-5 msec and the decline from peak to half-peak 
occurred, in most cases, within 1 msec. By contrast, the p.s.p.’s recorded from 
some of the smaller fibres of the third root were considerably slower. The mean 


rise-time for twelve such responses was 1-5 msec (1-0—2-5) and the time from 
onset to half-decline was 7-3 msec (3-5—-15-6). 


The other characteristic response of the motor giant, the late slow potentials shown in Text- 
fig. 66, is considered in detail in the following paper (Furshpan & Potter, 1959). Evidence is 
presented that these potentials are associated with inhibitory effects, despite the fact that they 
almost always appeared as depolarizations. The difference in their physiological effect, as well 
as that in time course and latency, makes the slow potentials easily distinguishable from the 
‘giant’ p.s.p.’s. 

In addition to these two types of response following cord stimulation, intermittent slow de- 
flexions were seen in most giant post-fibres in the absence of any applied stimulus (Text-fig. 6d). 
Observations discussed in the following paper (Furshpan & Potter, 1959) indicate that the spon- 
taneous potentials are due to firing of the same pre-fibres which evoke the late, slow responses. 
In Text-fig. 6b, the variability in the slow potential is attributable to enhanced firing of the 
‘spontaneous’ potentials following cord stimulation. Text-fig. 6¢ allows a comparison between the 
time courses of a ‘giant’ p.s.p. and the spontaneous potentials. Cord stimulation was adjusted 
so that the only pre-fibre to fire was the ipsilateral segmental giant fibre and the resulting post- 
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fibre response appears in about the centre of each trace. The smaller, slow deflexions are the 
spontaneous p.8.p.'8. The contrast between the time courses of the two potentials was less than 
that usually observed. The main point to be emphasized about the above observations, however, 
is that the spontaneous potentials and the typical pattern of fast and slow responses to cord 
stimulation were singularly characteristic of the giant motor fibre and allowed it to be dis- 
tinguished from any of the other axons that were impaled in these experiments. 


Following the insertion of a second micro-electrode into the motor giant 
axon, the current—voltage relationship, as described above, could be obtained. 
A typical curve (Text-fig. 13d) differed from that for the pre-fibre in several 
respects. (1) The post-fibre curve appeared to deviate more markedly from 
linearity for similar changes of membrane potential. (2) With inward mem- 
brane current (the lower left quadrant) the curvature was opposite for the 
two fibres. (3) The slope at the origin was steeper for the post-fibre, the mean 
value in eleven experiments being 6-0 x 10°. A large fraction of the higher 
‘input resistance’ is accounted for by the smaller size of the post-fibre and at 
least part of the opposite curvature found for inward currents (see (2) above) 
is due to the presence of the GMS, as will be explained below. If these factors 
are taken into account the discrepancies between the curves for pre- and post- 
fibres are considerably reduced. Their observed shapes are, however, charac- 
teristic and additional means of distinguishing the fibres. Because of the 
difficulty of impaling the motor giants, a measurement of characteristic length, 
which requires at least three insertions, was infrequently made and then 
probably involved considerable error due to damage of the fibre. 


Orthodromic nerve-impulse transmission 


“| When micro-electrodes were inserted into both pre- and post-fibres, the suc- 


cession of potential changes in the two @xons-could be recorded during an 
action potential in either. Examples of transmission from pre- to post-fibres 
(orthodromic) are shown in Text-fig. 7, in which pre-fibre membrane potential 
always appears on the upper trace of each pair. In a few experiments one-to- 
one transmission occurred (Text-fig. 7a), but in most only a p.s.p. was seen in 
the post-fibre (b). In a, the inflected rising phase of the post-fibre spike is 
similar to that seen in action potentials recorded from other post-junctional 
regions (e.g. the motor end-plate (Fatt & Katz, 1951)). 

The most striking aspect of these records is the brevity of the delay between 
the foot of the pre-fibre spike and the start of the p.s.p. The initially low rate 
of rise of both pre- and post-fibre potentials makes the assessment of this delay 
difficult; in some cases the two potentials seemed to arise at about the same 
time but at different rates. In order to obtain a measure of delay, the approxi- 
mately linear parts of the rising phases pre-fibre spike and p.s.p. were extra- 
polated to the base line. The time between the two points of intersection, in 
thirty-one experiments (all on lateral GMS’s), was 0-10+0-01 msec 
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(mean +8.8.). Taking pre-fibre spike conduction velocity as 5 m/sec (mean 
of four experiments) a correction was made for the conduction time between 
pre-fibre micro-electrode and synapse. The corrected delay was 0-12 + 0-01 msec 
(range, 0-07—0-02 msec). 


In both a and 6 the lateral giant axon had been stimulated by means of an 


external capillary electrode applied to the surface of the cord, The measure- 


Text-fig. 7. Orthodromie nerve-impulse transmission at the GMS. Simultaneous intracellular 


recordings from pre- and post-fibres. In each case pre-fibre potential was recorded on the 
upper trace. The second p.s.p. in c and that in d were evoked by direct stimulation of the 
pre-fibre with an intracellular electrode; otherwise the stimulus was applied externally to 
the dorsal surface of the cord. a, and a, were recorded from the same synapse at different 
amplifications. The p.s.p., at about the point indicated by the arrow in a,, exceeded threshold 
and evoked a spike. The upper part of the rising phase of the prespike was retouched, Sub- 
threshold p.s.p.’s are shown in 6-d. In c, the first p.s.p., evoked by external stimulation, 
was apparently due to firing of one of the medial giant fibres, for no spike was seen in the 
impaled lateral giant fibre (upper trace). The second p.s.p. accompanied a lateral giant 
spike (85 mV) evoked by intracellular stimulation. The small hump on its falling phase was 
probably aesociated with firing of the other lateral giant fibre. b and c were recorded from 
the same synapse, but the polarity of the external stimulating pulse was opposite in the two 
cases. In d the arrows indicate the end of the depolarizing current pulse applied to the pre-fibre. 
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ment of synaptic delay would be invalid if a giant pre-fibre, other than the 
impaled one, were to fire first and give rise to an earlier p.8.p. To eliminate this 
possibility, the stimulus strength was varied in order to confirm that both 
pre- and post-fibre responses had identical thresholds. This was indeed the 
case in Text-fig. 7a and b. Nevertheless, the possibility remained that the 
thresholds of two of the giant pre-fibres were too close to be distinguished. 
A more decisive procedure was to stimulate the pre-fibre selectively with a 
second internal electrode. Fig. 7c illustrates a situation in which the internal 
stimulating electrode was particularly useful. A stimulus to the cord just 
strong enough to evoke a giant p.s.p. (first resporise on the lower trace) failed 
to excite the impaled lateral giant axon (upper trace). This post-fibre response 
was presumably evoked by one of the medial giant axons. Later during the 
same sweep the lateral giant axon was stimulated by means of an intracellular 
electrode, and the resulting action potential was accompanied by another 
p.s.p. In this case one can feel confident that the second p.s.p. was due to the 
firing of the impaled lateral giant axon and that the short synaptic delay was 
real. The record of Text-fig. 7d, taken at higher sweep speed, shows another 
example of transmission following intracellular stimulation of the pre-fibre. 
Although the presence of the pulse complicates the estimation of the synaptic 
delay, it is clear that the delay was very small. . 

An incidental observation is also illustrated in Text-fig. 7c. The small, late deflexion seen on 
the falling phase of the second p.s.p. was approximately coincident with a collateral p.s.p. in 
the lateral giant axon. This has also been observed in three other experiments and suggests that 
the late deflexion is associated with the contralateral segment of the lateral giant axon. In one 
of these experiments simultaneous recordings were made from a motor giant axon and the contra- 
lateral segmental giant axon. When the ipsilateral segmental giant axon was stimulated by means 
of an internal electrode, an action potential subsequently appeared in the contralateral segment 
(as in the case illustrated in Text-fig. 5). It was then seen that this contralateral action potential 
was approximately coincident with the late deflexion in the motor fibre. Such a coincidence, 
however, is only suggestive of a causal relationship. If such a relationship exists there are two 
synapses, reported in histological studies, which might account for the late deflexion. The first 
(Johnson, 1924) is between the motor giant axon and the collateral branch of the contralateral 
segmental giant axon, while the second (Robertson, 1955) is between the two opposite motor 
giant axons. In the second case, for example, the complete pathway would be from ipsilateral to 
contralateral segmental giant axon, from there to the contralateral motor giant axon and only 
then to the ipsilateral motor giant axon. 


Tests for the presence of antidromic transmission 

Wiersma (1947) found that in Cambarus stimulation of the third ganglionic 
root did not evoke firing of any of the giant pre-fibres. A similar test for anti- 
dromie transmission has been made in the present experiments but using 
intracellular recording. Text-fig. 8a illustrates the type of result obtained in the 
SiX experiments in which internal electrodes had been inserted on either side of 
a GMS, and in which the post-fibre showed an all-or-nothing action potential. 
The motor fibre was stimulated directly by means of the capillary electrode 
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containing the third root. In the case shown in Text-fig. 8a the magnitude of 


the post-fibre action potential was 77 mV, while the size of the small accom- 
panying deflexion in the lateral pre-fibre was less than 0-3 mV. The post-fibre 
spike was thus 250-300 times as large as the consequent pre-fibre potential 
change. It will be convenient to refer to this ratio as the attenuation factor. 
Text-fig. 8b shows a record of orthodromic transmission at the same synapse. 


Text-fig. 8. A comparison of the effects of orthodromic and antidromic nerve impulses at the 
same synapse. Simultaneous intracellular recording from both synaptic elements following 
stimulation of the post-fibre in a and the lateral giant pre-fibre in b. The pre-fibre stimulus 
was applied through a third intracellular electrode. 

The lateral giant axon was selectively stimulated by means of a second inter- 

nal electrode and a pre-fibre spike of 83 mV gave rise to a p.s.p. of 18-5 mV. In 

this case the attenuation factor was about 4-5. The transmission mechanism 
was, therefore, about 60 times as effective in the orthodromic as in the anti- 
dromic direction. In two other experiments of this type the ratio of anti- 

dromic to orthodromic attenuation factors was 210: 3-9 =54 and 350:2-8 = 125. 

In another two cases the pre-fibre deflexions were too small to be measured at 

the amplifications used, but were less than 0-3 mV. Thus in five of these six 
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experiments the synapse was highly ‘directional’, the ratio of attenuation 
factors being greater than fifty. In the remaining case an appreciable anti- 
dromic effect was seen and the attenuation factor ratio was about three; 
but this synapse was atypical in another important respect, the consideration 
of which will be deferred to the Discussion. That there is usually no significant 
antidromic transfer has also been confirmed in twelve additional experiments 
in which an intracellular electrode was placed only in the pre-fibre. In every 
case relatively large stimuli applied to the third root resulted in pre-fibre 
defiexions of less than 1 mV; but in the absence of intracellular recording from 
the post-fibre there could be no assurance that a conducted, antidromic 
spike had been evoked. 


Tests for the transfer of electrotonic potentials across the synapses 

It has been seen that an action potential in the pre-fibre could give rise to 
a p.s.p. of 25 mV or more. The question then arose whether smaller, or even 
subthreshold, depolarizations of the pre-fibre would also bring about an appreci- 
able transynaptic effect (i.e. in the post-fibre); and whether local electrotonic 
alterations in the membrane potential of the post-fibre would have as little 
effect on the pre-fibre as did the antidromic nerve impulse. In order to test 
these questions, experiments were made initially with one internal electrode 
in each synaptic element.. Kither micro-electrode could be used to pass pulses 
of current while the other recorded any changes in the membrane potential 
of the transynaptic fibre. It was found that even subthreshold current pulses 
applied to the pre-fibre could, in fact, give rise to considerable potential changes 
in the giant motor fibre and the transynaptic effect had the appearance of 
an electrotonic potential (Text-fig. 9a). A marked effect was only present, 
however, when the direction of the current across the pre-fibre membrane 
was outward (i.e. causing depolarization), Any post-synaptic effects produced 
by inward (hyperpolarizing) currents were very much smaller (Text-fig. 95). 

The experimental situation was then reversed, the post-fibre electrode being 
used to pass current while the pre-fibre electrode recorded potential changes. 
Now it was found that depolarizing currents applied to the motor giant axon 
had very little effect on the pre-fibre potential (Text-fig. 9c); but, most un- 
expectedly, hyperpolarizing currents were seen to produce marked tran- 
synaptic effects, which had the appearance of anelectrotonic potentials 
(Text-fig. 9d). To summarize, transynaptic membrane potential changes were 
observed only if depolarizing current was applied directly to the pre-fibre or 
hyperpolarizing current to the post-fibre. In order to have convenient terms 
with which to distinguish the experimental situations considered above, the 
words ‘orthodromic’ and ‘antidromic’ will be used, in analogy with nerve- 
impulse transmission. The orthodromic situation is that in which current is 


passed with the pre-fibre electrode and the electrotonic potentials appear to 
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cross the junction from pre- to post-fibre. In the antidromic case the current- 
passing electrode is, of course, in the post-fibre. One can now restate the above 
observations as follows. Only depolarizations cross the synapse ortho- 
dromically in appreciable amounts while only hyperpolarizations do so 
antidromically. 


Text-fig. 9. Tests for transynaptie effects of applied current pulses. Inward and outward currents 

were successively applied to each fibre while recording the membrane potential of the other- 

The current was applied to the pre-fibre (orthodromic situation) in a and b, and to the post- 

fibre in c and d. The current pulses are shown on the lower, membrane potential on the upper 

_ trace of each pair. Outward current and depolarization appear as upward deflexions. The 

depolarizing pulse in a was just below pre-fibre threshold. The calibrations apply to all four 
cases. The recordsthave been retouched. 


Confirmation of these results has been obtained in thirty out of thirty-two 
experiments in which at least one micro-electrode had been inserted on either 
side of the junction, and in which both orthodromic and antidromic pulse 
transmission was tested. In the two experiments which did not conform to 
this pattern, potential changes of the appropriate sign were seen in one 
synaptic fibre when current of either direction was applied to the other. One 
of these two was the experiment mentioned above, in which the ratio of 
antidromic to orthodromic attenuation factors was very low, about 3. 


The synaptic-rectifier hypothesis 
The seemingly diverse results of Text-fig. 9 can all be explained by a single 
mechanism embodied in the following hypothesis: The junction operates by 
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means of ‘electrical’ transmission, the transynaptic effects seen in Text-fig. 9a 
and d resulting from a portion of the applied current crossing the junction; 
and it behaves like an electrical rectifier, accounting for the negligible trans- 
fer of the pulses in 6 and c. The hypothesis is illustrated in Text-fig. 10, which 
shows the direction of flow of current associated with the four experimental 
situations of Text-fig. 9. Some of the current applied to one fibre must also 
cross the membrane of the other, by way of the synapse, the amount varying 
with the ‘synaptic resistance’. It is apparent that in the two situations (a, d), 


a b 


Post-fibre 


Orthodromic 


Pre-fibre 


Hyperpolarization 


Depolarization - 
d 
\ 
Antidromic 


Text-fig. 10. The synaptic-rectifier hypothesis. The diagrams correspond, in the same order, to the 
four experimental situations of Text-fig. 9. The post-fibre is shown in transverse section at 
the point at which it crosses over the pre-fibre; the junction is indicated by a dotted line or a 
heavy bar, representing a low or high synaptic resistance, respectively. The arrows give the 
direction of (positive) current entering or leaving the current-passing micro-electrode ; 
dashed lines indicate negligible current flow due to high synaptic resistance. Diagrams a and 
d, corresponding to the two situations in which transynaptic effects were observed, show that 
in both cases current would cross the junction in the same direction (indicated by the heavy 
arrows.) 


in which there were considerable transynaptic effects, the direction of any 
synaptic current was the same, and opposite to that in the other two cases. 
Therefore, if the synapse were an electrical rectifier and only allowed appreci- 
able (positive) current to cross it in the direction shown by the heavy arrows 
(Text-fig. 10a, d) the above results would be explained. The dashed lines (6, c) 
indicate that the amount of current flow would be negligible, thus accounting 
for the absence of transynaptic potential changes in those cases. 
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An alternative statement of the hypothesis is given in the circuit diagram of 
Text-fig. 11. For simplicity the two synaptic elements are shown as if they 
were in line and terminated at the point of juncture, rather than crossing each 
other (asshown in Text-fig. 1). Rpre and Rpost represent the ‘input resistances’ of 
the two fibres. The insides of the axons are separated by the synaptic resistance, 
S, which is shown as a rectifier. It is apparent that any change in potential 
across Rpre would also alter the p.d. across Rpost, and vice versa, provided that 
S is not extremely large. To explain the results of the above experiments, S 
is assumed to be low only when the inside of the pre-fibre becomes more 
positive (depolarization) or when the post-fibre becomes more internally 
negative (hyperpolarization). That is, both situations give rise to a p.d., 
across the synapse, of the same sign; and the rectifier is assumed to have a low 
resistance for p.d.’s of this direction (indicated by the plus and minus signs 
Text-fig. 11.). 


2 

Ss S$ 


Text-fig. 11. The proposed equivalent circuit for the GMS. Pre- and post-fibres are shown as 
though terrainating end to end (see Text-fig. 1, however). The ‘input resistances’ of the two 
fibres are represented by the elements, #,,, and R,,.,,; and the synaptic resistance by 8. The 
plus and minus signs indicate the direction of the p.d. across the junction for which 8 is 
small, Inasmuch as &,,, and #,,, are shown as constant resistive elements, the diagram 
only holds for small steady potential changes. 


Tests of the synaptic—rectifier hypothesis 

The current-voltage relationship of the synapse. If the junction behaves like a 
simple rectifier in an electrical circuit, and the observed transynaptic effects 
are due entirely to passive current flow across it, the intensity of this synaptic 
current should depend only on the p.d. across the rectifier, but not on the way 
in which the p.d. is brought about. In other words, the current—voltage 
characteristic of the junctional rectifier should account equally well for the 
transynaptic effects seen in the orthodromic and antidromic situations. In the 
absence of a direct measure of the current traversing the synapse, however, 
the rectifier characteristic cannot be directly determined. Instead, we have 
separately calculated two experimental current—voltage curves for the synapse. 
one for the orthodromic situation and one for the antidromic. Each character- 
istic was constructed so that it would exactly account for the transynaptic 
effects seen in that situation. Comparison of the two curves then provided 
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a critical test of the hypothesis; for if they were the same, it would mean that 
a synaptic rectifier with that current-voltage characteristic would quanti- 
tatively account for the diverse results of the current-passing experiments. 
The following data were used in making the required calculations: recordings 
of membrane potential from both fibres during the application of various 
currents to each, in turn; and the current-voltage relationships of the two 
fibres. The most satisfactory method for obtaining this information was to 
insert a pair of micro-electrodes, for passing current and recording potential, 
into each synaptic element, thus avoiding the necessity of withdrawing or 
inserting electrodes during the course of the measurements. Text-fig. 12 
shows part of the required data from one experiment, namely simultaneous 
records of membrane potential from the two fibres of a GMS. The potential 
changes in 6 and d are the transynaptic effects accompanying the directly 
evoked electrotonic potentials on the other side of the junction (a and c). 
The results confirm those obtained in the two-micro-electrode experiments 
(e.g. Text-fig. 9); but they also allow the p.d. across the synapse to be found, 
as well as providing a measure of the voltage attenuation across the junction 
(see below). The current—voltage curves for the synaptic elements, from the 
same experiment, are shown in Text-fig. 13c and d. The graphs in a and b are 
essentially the same results as those in Text-fig. 12, but displayed in a more 
convenient way. In a current was applied to the pre-fibre while recording the 
membrane potentials of pre- and post-fibres on the abscissa and ordinate, 
respectively; 6 shows the analogous results for the antidromic situation. The 
four curves of Text-fig. 13 provide the necessary data for making the two 
separate determinations of the apparent current-voltage characteristic of 
the synaptic rectifier. 
The following symbols have been used. V, and /, represent changes from 
the resting values respectively of the p.d. across the junction and of the ap- 
parent current traversing it. Vpre and Voost denote changes in the internal 
potentials, with respect to the bath, of the two synaptic elements. (Changes 
in potential and current were used because the resting values were not always 
known.) The voltage across the synapse is equal to the difference between the 
local internal potentials of pre- and post-fibres in the immediate vicinity of 
the junction; and the sign of V% is taken so that Vs=Vpre—Vpost. Since 
Vore and Vpost are positive for depolarizations of the fibres, ¥ is positive 
when directed as in Text-fig. 11. 
The method of analysis is illustrated in Text-fig. 14. In this example 
and I, will be determined for an orthodromic case in which the pre-fibre was 
depolarized by 30 mV. a and b are tracings of Text-fig. 13a and d. It can be 
seen in a that for Vore = 30mV, Voost = 10°6 mV; and V,=Vpre — Voost = 19-4 mV. 
In determining J, it was assumed that the transynaptic potential change 
(in this case Vpost) was the result of the synaptic current J, flowing across 
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the ‘input resistance’ of the post-fibre (Rpost; see Text-fig. 11). Thus, 
Vpost/Rpost post; and the relevant value of I pos; can be found from the 
current-voltage curve for the post-fibre. This has been done in Text-fig. 145, 
giving a value for J, of 2-2 10-*A. Perhaps a simpler way of describing the 
determination of J, is the following: the amount of current which must be 
injected into the post-fibre at a point, in order to reproduce the transynaptic 
potential change (10-6 mV), was found from the current-voltage curve of the 
fibre to be 2-2x 10-* A. The assumption was made that the two situations, 
namely, of current entering the post-fibre through the synapse or through a 
current-passing micro-electrode, are equivalent; and that all of the current 
crossing the junction entered the post-fibre. The determination of V, and /, 
was then repeated for pre-fibre depolarizations of different sizes. The filled-in 


Text-fig. 12. Tests for the transmission of electrotonic potentials across the GMS. The membrane 
potentials of pre- and post-fibres were simultaneously recorded while applying steady pulses 
of current, by means of another internal electrode in each axon, to the pre-fibre (a and }) 
or post-fibre (c and d). The direct electrotonic potentials, a and c, are shown above the cor- 
responding transynaptic effects, b and d. Deflexions above the base line are depolarizations. 

The larger catelectrotonic potential in a was above threshold, but most of the resulting spike 
and the accompanying p.s.p. (in 5) are not visible in the records. The response in ¢ was a 
graded, local spike. Voltage calibrations in a and 6 also apply, respectively, to c and d; 

the time calibration applies to all records. 


Te 


2 cir 
of 
the 
‘ 
tic 
4 a 
a 
4 
af “4 
« 
7 
4 
‘ 
ty 


CRAYFISH GIANT MOTOR SYNAPSES 311 


circles in Text-fig. 15 give the values obtained for changes in Vore in steps 
of 5 mV, over the range 0-50 mV. The various points were determined using 
the upper right quadrants of the curves in a and d of Text-fig. 13 and the point 
indicated by the arrow is the one derived in the above example. The open 
circles in Fig. 15 were obtained from the same experiment for hyperpolariza- 
tions in the antidromic situation. V, and J, were determined in a way anala- 
gous to that just described, but using the lower left quadrants of graphs 6 and 


Text-fig. 13. The data necessary for determining the current-voltage characteristic of the synapse 
in two independent ways. a and b provide the same type of information as Text-fig. 12, but 
more completely and in a more convenient form. The membrane potentials of the two 
fibres were recorded, one on each co-ordinate axis of the oscilloscope, while varying the current 
applied to the pre-fibre (a) or post-fibre (b). The potential of the fibre to which the current 
was directly applied is on the abscissa. c and d are the nominal (see Discussion) current- 
voltage curves of pre- and post-fibre. The current was applied with an internal electrode and 
membrane potential measured nearby, also intracellularly. In all records the method of 
varying the applied current was that used in Text-fig. 4a. Depolarizations and outward 
membrane currents appear in the upper right quadrant. From the same experiment as 
Text-fig. 12. 


eof Text-fig. 13. The points are those found for alterations in Vpost, in steps 
of —5 mV, from 0 to —50 mV. The almost complete agreement between the 
two relations leaves little doubt of the correctness of the synaptic-rectifier 
hypothesis, and confirms that the currents that were assumed to cross the 
Synapse, in order to account for the transynaptic effects, were in fact doing so, 
On any other hypothesis it would be very difficult to understand why the 


4, 
4 4. 
3 
4. 
9 
" 
= 
‘ 
4 
r 
4 * 
Sed 
a 
é 
hy 


312 E.J. FURSHPAN AND D. D. POTTER 


apparent synaptic currents should be identical, during pre-fibre depolariza- 
tions and post-fibre hyperpolarizations, whenever the two happened to bring 
about the same potential difference across the synapse. This is, of course, just 
the result to be expected if the junction behaved like an electrical circuit 
element of the kind represented in Text-fig. 11. 
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Text-fig. 14. The determination of V, and J,. a and b were traced, respectively, from Fig. 134 
and d. V,=Vire— for Vi~=30 mV, =10-6 mV and thus V,=19-4 mV. J, was 
found by’a substitution method: that current which duplicated the transynaptic effect, 
when applied directly to the post-fibre through a micro-electrode, was taken as equal to 
I,. The value found from 5 was 2-2 x 10-* A. 


Curves relating Vore to Vpost (Text-fig. 13a, b) do not, by themselves, give 
an accurate measure of synaptic rectification; for their shape also depends on 
the membrane properties of the transynaptic fibre. But in deriving the /./V: 
curve the non-linearities of the individual fibre membranes were eliminated, 
and Text-fig. 15 represents rather accurately the rectifier properties of the 
synapse itself. The figure shows only the characteristic for positive values of 
V,, so that the resistance of the junction in the forward and reverse directions 
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cannot be compared; but some measure of the degree of ‘rectification’ is that 
the ‘slope conductance’ (dJ,/d¥,) at V.=30 mV is approximately fifty times 
that at the origin. 

Points relating V, to I, were also determined in the same experiment, for 
the two situations in which V, was negative (i.e. ‘orthodromic hyperpolariza- 
tions’ and ‘antidromic depolarizations’). General agreement between the two 
sets of points was found for these cases as well. The values of —J, against 
~—V,, together with the open circles in Text-fig. 15, were used to draw the 
more complete characteristic curve for the synapse shown in Text-fig. 16. 
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Text-fig. 15. The current—voltage characteristic of the synaptic rectifier for the forward direction 
only. @, points determined for orthodromic depolarizations using the curves of Text-fig. 134 
and d, The arrow indicates the point calculated in Text-fig. 14. O, points obtained for anti- 
dromic hyperpolarizations from Text-fig. 13) and c. Both sets of points were found for incre- 
ments of 5 mV, up to a change of 50 mV, in the membrane potential of the fibre to which 


the current was directly applied. 

The ratio of the ‘slope conductance’ at ¥,= —30 mV to that at the origin is 
one-third to one-quarter, so that the ratio of slopes compared at V¥,=30 and 
—30 mV was 150 or more. The ratio of ‘chord conductances’, J,/V%, at the 
same two values of % was about 35. Too much emphasis must not, however, 
be placed on the negative part of the curve in Text-fig. 16. There was: con- 
siderable uncertainty in estimating such small synaptic currents, although the 
true values of J were probably not larger than those shown in the figure. 

Of the thirty-two experiments mentioned above, fourteen were made with 
two micro-electrodes in each fibre and these provided sufficient information to 
construct the two synaptic-rectifier curves. General agreement between J, 
against V, for ‘orthodromic depolarizations’ and ‘antidromic hyperpolariza- 
tions’ was found in all fourteen cases, but in most of them the correspondence 
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was not as precise as that illustrated in Text-fig. 15. Probably the most im- 
portant variable influencing such agreement was the spatial decrement of 
electrotonic potentials from their site of origin (the synapse or one of the 
current-passing micro-electrodes) to the point at which they were measured. 
Usually these distances were 10-20% of the ‘characteristic lengths’ of the 
fibres. Depending on the positions of the micro-electrodes, however, the dis- 
crepancy between the orthodromic and antidromic situations could either be 
reduced, owing to equal errors in the two cases, or magnified by one or both of 
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Text-fig. 16. The complete current-voltage characteristic of the synaptic rectifier. Positive values 
of V, signify that the pre-fibre side of the junction was electrically positive with respect to 
the post-fibre side. Taken from the same experiment as Text-figs. 12-15. 


the following factors. (1) The membrane resistance, and thus also the spatial 
attenuation, alters with the level of membrane potential of the fibres; an 
appreciable decrease in membrane resistance and an increase in spatial attenua- 
tion occur with either large depolarizations of the pre-fibre or large hyper- 
polarizations of the post-fibre (see Text-fig. 13d). (2) Since V=Vpre — Voost: 
an error in Vpre in the orthodromic case, for example, will give rise to a still 
larger percentage error in ¥. This point may be illustrated using the experi- 
ment of Text-fig. 14. A depolarization of the pre-fibre of 50 mV gave rise to a 
change in post-fibre potential of 21 mV. The apparent value of V, was there- 
fore 29mV. Suppose that the measured value of Vpre had been 15% too 
large, owing to decrement of the catelectrotonus between voltage-recording 
electrode and synapse; then the true value of V, would have been 22-5 mV 
(43-5-21 mV) rather than 29 mV, and the above estimation of V, would have 
been 29% too large. This exaggeration of the error in calculating V, is less for 
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smaller depolarizations, for then the transynaptic potentials are relatively 
smaller, This type of error was probably less important for the antidromic case, 
for the post-fibre electrodes were usually closer to the synaptic region. The 
errors in the current-voltage curves of each fibre, caused by spatial attenua- 
tion, were less serious. There was no amplification of the inaccuracy and the 
percentage error tended to be about the same for both fibres, so that both the 
orthodromic and antidromic situations were affected to about the same 
extent and in the same direction. | . 

In six out of the total of fourteen four-electrode experiments, the agree- 
ment between the synaptic current-voltage curves for orthodromic depolariza- 
tions and antidromic hyperpolarizations was very good without making any 
corrections for electrotonic decrement along the fibres. Any discrepancy 
between the two curves in these experiments could be corrected by a change 
in ¥, of 10% or less. In view of the sensitivity of these curves to small 
inaccuracies in Vpre and Vpost, some of this impressive agreement was prob- 
ably due to fortuitous balancing of errors in the orthodromic measurements 
by those in the antidromic. In another six experiments the disparity between 
the two curves was greater, but was in the direction to be expected if it were 
due to the spatial decrement of the electrotonic potentials. In none of these 
cases was there sufficiently complete information on the ‘characteristic lengths’ 
of the fibres to make exact corrections. In all, however, it was possible to 
eliminate the discrepancies between the curves by correcting Vpre using 
reasonable assumed values for ‘A’, or by basing corrections for Voost on the 
difference between the sizes of the p.s.p.’s recorded at the two electrodes. 
The magnitudes of pre-fibre ‘A’ which had to be assumed all fell within the 
range of values found in other experiments. i 

Of the remaining two experiments, one could not be satisfactorily corrected 
by the above procedure and the other was one of those in which the synapse 
showed almost no rectification. In the first of these two experiments, even 
after assuming a pre-fibre ‘A’ as low as 0-5 mm and correcting Vpost for the 
difference in the p.s.p.’s recorded at the two electrodes, there remained a 
disparity of about 20°% between the two values of V, at a given I;. The 
difference between the p.s.p.’s recorded at the two post-fibre electrodes was 
rather large, one being 40% greater than the other for an electrode separation — 
of 0-14 mm; and it seems likely that one of these electrodes was not properly 
inserted. Despite this disparity, the general shapes of the orthodromic and 
antidromic curves’were quite similar. 


In the remaining experiment the almost complete absence of synaptic rectification introduced 
an error which precluded an accurate analysis of J, against V, without additional information. 
The point is worth considering, for it illustrates how the presence of the synaptic rectifier in the 
other experiments simplified the investigation. The apparent current-voltage relationship of each 
fibre was determined with the micro-electrodes in the junctional region, so that the applied 
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current took two parallel pathways. In the case of the post-fibre, for example, some of the applied 
current, I, flowed across the synapse as well as across the post-fibre membrane (i.e. J = /, + J,,..). 
Graphs of the type shown in Text-fig. 13d relate V,,, to 1; but for the above analysis the relation- 
ship between V,,., and J,,., was required. The size of this error (J ~ 1,4) depends on the extent 
of shunting by the synapee (ie. on J,). Since J, was very small during pre-fibre hyperpolariza- 
tions and post-fibre depolarizations, these parts of the current-voltage curves were not much 
affected by the proximity of the junction. For example, in the experiment of Text-fig. 134, 
6-2 x 10-* A of outward current applied to the post-fibre gave a depolarization of 20 mV. The 
fraction of this current which left the post-fibre by way of the synapse can be estimated as above. 
Referring to Text-fig. 136, when was 20 mV, Was less than 0-3 mV. From the pre- 
fibre current-voltage curve, Text-fig. 13c (slope at the origin = 1-5 x 10° Q), it was found that an 
applied current of about 0-2 x 10-* A was needed to reproduce V,,, =0-3 mV. This does not give 
an exact measurement of /,, however, since the pre-fibre curve is also in error owing to shunting 
by the synapse; but the direction of the error is such that the true value of J, would be smaller 
than that found. Thus, 0-2 x 10-* A gives the upper limit of the shunt current and it can be con- 
cluded that when V,,., was 20 mV, the maximum error in /,,,, was 3-2%. In contrast, similar 
calculations for the hyperpolarizing part of Text-fig. 13d show that, except for very small values 
of —V,.4, large errors were attributable to shunting by the synapse (compare Text-fig. 10c, d). 
At Vue = — 20 mV, up to 35 % of the applied current entered the post-fibre by way of the junction. 
These large errors did not, however, affect the analysis of the synaptic rectifier described above; 
for in those calculations only the depolarizing and initial hyperpolarizing parts of the post-fibre 
curve were used. 

The pre-fibre current-voltage curve was less affected by the nearness of the micro-electrodes to 
the synapse. Because of the lower ‘input resistance’ of the lateral giant axons, a smaller fraction 
of the applied current crossed the junction. Thus even for a pre-fibre depolarization of 25 mV, 
during which the resistance of the synapse was almost as low as for a hyperpolarization of the post- 
fibre of 20 mV, the error in J,,, was not greater than 6%. For small depolarizations and hyper- 
polarizations it was negligible; and these were the only parts of the pre-fibre curve used in con- 
structing the characteristic curve of the synapse. 


The rectifier in nerve-impulse transmission. The question now arises whether 
the above results can explain the transmission of the action potential. Are 
the synaptic currents that accompany a spike in the pre-fibre adequate to 
account entirely for the p.s.p.’s? The direction of current flow is correct, for 
the pre-fibre spike represents a large positive increase in Vpre; and as long as 
Vore exceeds Vpost, and J, are also positive (Vs=Vpre—Vpost). In attempt- 
ing to make a quantitative test of this question it has not been possible to 
apply directly the above analysis of the synaptic rectifier, for spikes and the 
experimental electrotonic pulses differed considerably in amplitude and time 
course. The largest electrotonic change in Vpre was only about 65% of the 
pre-fibre action potential. This precludes a direct comparison of the two situa- 
tions, since the resistance of the synapse is different at different values of 
Vore. The relatively short time course of the pre-fibre spikes also introduces a 
difficulty ; for the spikes would be subject to additional attenuation, over that 
found for steady depolarizations, due to the capacitative properties of the post- 
fibre membrane. Another factor bringing about an increased attenuation of 
_ transients would be a delay in the change in synaptic resistance following 
change in J (i.e. delayed rectification). The available results are, however, 
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insufficient to determine whether a significant delay in synaptic rectification 
was present. But despite these difficulties it seems likely from indirect 
evidence that the same mechanism accounts for transmission of electrotonic 
pulses and action potentials. 

The two situations are compared in Table 2. The spikes were more attenu- 
ated than the catelectrotonic potentials in every experiment, despite their 
being larger and the fact that S decreases as Vpre increases. The mean dif- 
ference between the two attenuation factors was about 40° and it seems 
probable that this difference would have been even greater if the electrotonic 
potentials had been larger. The greater attenuation of spikes was to be 
expected, if they were transmitted by the same mechanism as the steady 
potential changes, for the reasons given above. 


Tas 2. A comparison between the orthodromic attenuation factors for steady 
catelectrotonic potentials («,) and nerve impulses (a,) 


Steady depolarizations Spikes 
V, V, 

Expt. (mV) (mv) Xe (mV) (m¥) 
1 60 13-5 4-5 100 18 5-6 1-25 
2 45 15-9 2-8 80 20 4-0 1-43 
3 30 6-7 4:5 72 12 6-0 1-34 
4 20 9-5 2-1 70 24-5 2-9 1-38 
5 35 9-3 3-8 80 16 5-0 1-33 
6 30 10-0 3-0 78 20-7 3-8 1-27 
7 50 22-5 2-2 80 28 2-9 1-32 
8 50 26-5 1-9 80 30 2-7 1-42 
9 45 11-3 4-0 90 13 6-9 1-73 

10 55 10-0 5-5 85 9-8 8-7 1-58 
Mean 42 13-5 3-4 81-5 19-2 4-9 1-41 


In determining «,, steady pulses of outward membrane current were applied to the pre-fibre 
while recording pre- and post-fibre membrane potentials (Text-fig. 12a, 6). The maximum altera- 
tion in pre-fibre potential is given in the first column (V,,,), and the accompanying change in 
post-fibre potential (V,...) is shown in the second column. In the third column, a, =Vire/Vyost- 
The next three columns show the analagous findings for pre-fibre spikes and their accompanying 
p-8.p.’s, x, being the quotient of spike divided by p.s.p. The ratio of these two attenuation factors 
is given in the last column. 


The variability in a, and a, in Table 2 was considerable; but within any 
particular experiment the two factors tended to vary in the same way. The 
tangs of variation for ./a_ was only about one-eighth that for either of the 
attenuation factors by itself. A calculation of the coefficient of correlation 
between a, and a, for the ten pairs of values in Table 2 gave r=0-95, suggest- 
ing that the same variables determined the effectiveness of transmission 
in both cases. For the circuit of Text-fig. 11, in the orthodromic situation, 
&=1+S/Ryost, 80 that variations in either -S or Rpost would equally affect 
attenuation; and the question arises whether the high correlation between the 
two factors was due mainly to their dependence on Ryost. The correlations of a. 
With Ryost and with S, were separately determined; for a, and Rpost, r= —0-11 
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and for «, and S, r=0-82. Thus the high correlation between a, and a, is com- 
patible with the synaptic resistance being the main variable controlling the 
size of the p.s.p. 
DISCUSSION 

The experiments described above provide very strong evidence for a type of 
‘electrical’ transmission; that is, a situation in which the pre-fibre action 
potential, itself, is the electromotive force for the current of the p.s.p. The 
diverse transynaptic effects obtained by applying depolarizing or hyper- 
polarizing currents to pre- or post-fibre are simply explained by the synaptic- 
rectifier hypothesis, while mechanisms based upon the release of transmitter 
substances do not provide an acceptable alternative. For example, it is 


difficult to see how the experimentally produced transfer of hyperpolarizations — 


from post- to pre-fibre could be explained in terms of a chemical transmitter 
mechanism. On the other hand, on an ‘electrical’ hypothesis this result 
follows quantitatively from the rectifier properties of the synapse as deter- 
mined in an entirely different experimental situation, namely by orthodromic 
depolarizations. 

The fact that transmission at the GMS’s is usually strictly one-way, an 
antidromic spike giving rise to a negligible effect in the pre-fibre, is accounted 
for by the rectifier properties of the synapse. A spike in the post-fibre re- 
presents a large, positive increase in Vpost, so that Vz becomes negative 
(Vs=Vore—Vpost) and the intensity of the synaptic current is very low (see 
Text-fig. 16). While it is clear that the rectifier ensures one-way transmission, 
the fact that the pre-fibre is larger than the post-fibre must also contribute to 
the ‘asymmetry’ of transmission. In the absence of synaptic rectification the 
ratio of the attenuation factors (a, and «) in the orthodromic and antidromic 
cases is given by, 

={(Rpre + S)/Rpre}/{(Rpost + S)/Rpost}- (1) 
In a typical situation, in which Rpost/Rpre=5 and taking S = Rpost, &a/%=3. 
This was approximately the value found for one of the six cases considered 
above in the section on antidromic nerve-impulse transmission, and in this 
case there was no apparent synaptic rectification. At the other five junctions, 
at which the rectifier was operating, «,/«, was greater than fifty. It should be 
pointed out that while equation (1) is appropriate for steady potential changes 
at a non-rectifying synapse, it takes no account of differences in the membrane 
time constants of the two fibres. Nevertheless, this comparison gives a very 
rough measure of the importance of the rectifier in blocking antidromic 
effects. In its presence the pre-fibre potentials accompanying an antidromic 
spike in the post-fibre are negligible, but if the current-voltage characteristic 
for the synapse were linear, potential changes of the order of 10 mV (i.e. 
about one-third of the orthodromic p.s.p.) might be expected. Although it is 
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unlikely that one-to-one antidromic transmission would occur in this situation, 
rectification does prevent the transmission of appreciable local potential 
changes in the ‘wrong’ direction. The preceding discussion concerned synapses 
at which lateral giant axons were the pre-fibres. At the medial GMS8’s (i.e. 
between medial and motor giant fibres) the pre- and post-fibres are more 
nearly of equal size. In the absence of the synaptic rectifier, it seems likely 
that antidromic effects would be larger than at the lateral GMS’s; but no 
experimental evidence on this point has been obtained. 

An alternative way of discussing the functional significance of the rectifier 
is to consider it as a mechanism for providing a low synaptic resistance to 
current flow in the forward direction, rather than as a device for blocking 
antidromic effects. For example, in the experiment of Fig. 15 the resistance of 
the synapse was about 5-5 x 10°Q when % was 25 mV (S=%/J,). If the area 
of the ‘synaptic membrane’ is taken as 10~* cm? (see Methods) then the re- 
sistance x unit area of this membrane was 55 Q cm? at this value of ‘membrane 
potential’. In the same experiment the resistance x unit area of the pre-fibre 
membrane, for a uniform depolarization of 25 mV, was found to be 390Q cm?, 
using the method of Cole & Curtis (1941). Thus at this value of ‘membrane’ 
potential the resistance of the ‘synaptic membrane’ was about one-seventh 


that of a similar area of axon membrane. 


Although the ‘synaptic membrane’ seems to be composed of contributions 
from the two axons, it behaves like a unit structure to the extent that the 
current traversing it appears to depend only on the p.d. across it. In the above 
model of the synapse (Figs. 10 and 11) it was assumed that there was no separa- 
tion between the component membranes; or, if any existed, that the shunt 
resistance, Re, between this space and extracellular fluid was high. This was 
the simplest model and the easiest to analyse. It must be noted, however, that 
R, can be given relatively low values, approaching the order of Rpost, without 
changing conditions seriously. For example, if Re is given the same value as 
Roost and is considered to connect the centre of the synaptic resistance to the 
external fluid (and taking Rpost/Rpre=4), then for a given % the apparent 
synaptic current in the orthdromic situation would be about 20% less than 
that calculated for the antidromic. In several of the four-micro-electrode 
experiments, discrepancies of at least this size and direction were found. While 
the disparities were assumed to arise from errors due to spatial decrement of 
the electrotonic potentials, it is also possible that a finite value of Re was a 
contributory factor. The presence of R. would reduce the efficiency of trans- 
mission, but the effect could readily be compensated by a reduction in the 
Synaptic-membrane resistance, S. 

Studies of the structure of the GMS’s of the crayfish (Cambarus) have been 
made histologically and with the electron microscope (Robertson, 1952, 
1953, 1955) and also provide support for the idea that little separation may 
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exist between the components of the ‘synaptic membrane’. Despite both 
pre- and post-fibres having Schwann-cell and connective-tissue sheaths, the 
membranes bounding the axoplasms come very close to one another at 
numerous places in the junctional region. The juxtaposition is brought about 
by short processes or tubular extensions of post-fibre membrane which 
penetrate the sheaths of both fibres. The ends of these processes spread out in 
the space between Schwann cell and pre-fibre axon-membrane, thus making 
patches in which the two fibre membranes are close together. One of these 
processes is shown in Pl. 1, a phase-contrast photomicrograph of a transverse 
section of Astacus abdominal nerve cord. The giant motor fibre, labelled ‘post’, 
is seen in oblique section crossing over the lateral giant pre-fibre. The arrow 
indicates a process, about 2-3 u in diameter, extending from post- to pre-fibre; 
but the terminal expansion of the process cannot be seen. The section also 
includes the medial giant fibre of that side and three of the smaller motor axons 
which accompany the post-fibre in the third root. The disparity between the 
sizes of lateral and medial pre-fibres is greater than usual. 

Electron micrographs show that the juxtaposition of the two fibre membranes 
can be a very close one. In Fig. 1 of Robertson (1955) the axoplasms of a 
medial giant pre-fibre and of a post-fibre process are shown separated by a 
structure which varies from about 150-300 A in thickness, and which consists 
of the axon-membranes of the two fibres. Since the individual components 
of this double membrane are each about 75 A thick (Robertson, personal 
communication) the space between them must vary in width from a negligible 
amount to about 150 A. It is not known whether the negligible separation of 
the components, at places in the synaptic membrane, is an artifact. 

The synapses in the stellate ganglion of the squid, between second- and 
third-order giant fibres, morphologically resemble the crayfish GMS’s. They 
were the first example of this type of junction in which giant axons are synapti- 
cally connected by processes sent out from post- to pre-fibre (Young, 1939). 
Despite the anatomical resemblance the mechanism of transmission at the 
two synapses is apparently different. Bullock & Hagiwara (1957) and Hagi- 
wara & Tasaki (1958) have concluded that transmission across the squid 
synapse is not brought about by local-circuit current crossing the junction, 
but by means of a special transmitter substance. Among other evidence 
supporting this conclusion was the presence of a long synaptic delay, so that 
_ the pre-fibre spike could be completed before the onset of the p.s.p. This is in 
contrast to the very short delays which have been observed at the crayfish GMS 
and which are compatible with the ‘electrical’ theory. The fact that the two 
types of synapse seem to differ in their mechanism of transmission, despite 
their anatomical similarity, suggests that any structural difference occurs at a 
finer level of organization. For example, one would like to know more exactly 
the extent of the space between pre- and post-fibre membranes at the two 
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junctions. For maximum efficiency, at an ‘electrical’ synapse, the separation 
would be negligible; but at a ‘chemical’ junction the space would have to 
have a relatively low resistance to the external medium. In his earlier studies, 
Robertson (1952, 1953) also made electron micrographs of the squid giant 
synapses and confirmed that processes from the post-fibre brought post- 
synaptic membrane in close apposition to pre-fibre membrane. With the 
techniques then available, however, it was not possible to determine accur- 
ately the size of this space and additional work on this point is needed. 

It will be recalled that each post-fibre also makes synaptic connexion with 
the two medial giant axons (see Methods). Although in most of our experi- 
ments the lateral giant pre-fibres were used, in a few cases the GMS’s between 
motor and medial giant axons have also been studied. These junctions have 
been found to resemble the lateral giant synapses, for electrotonic potentials 
traversed them but, again, only appreciably when the pre-fibre was depolar- 
ized or the post-fibre hyperpolarized. A complete analysis (as in Text-fig. 15) 
has not been made; but in experiments on five ipsilateral and one contralateral 
medial GMS’s results analogous to those of Text-fig. 9 have been found. In 
addition, at one of the ipsilateral junctions, a second micro-electrode was 
inserted into the post-fibre and a curve similar to Text-fig. 13) was obtained. 

The effects of various pharmacological agents on the GMS of Cambarus 
have been studied by Wiersma & Shalleck (1947, 1948; Schalleck & Wiersma, 
1948). Nicotine and related compoounds were among the few substances 
which had an effect in relatively low concentrations. Facilitation of trans- 
mission usually occurred with 10~* g/ml., inhibition with more concentrated 
solutions, We have made a few preliminary tests, recording the p.s.p. intra- 
cellularly, to see if these results could also be obtained with Astacus; but 
only small and variable effects have so far been observed, using nicotine con- 
centrations up to 10~* g/ml. There are a number of ways in which a drug might 
affect transmission. A reduction in the size of the pre-fibre spike, a lowering 
of the post-fibre membrane resistance, an increase in post-fibre threshold, or a 
hyperpolarization or large depolarization of the post-fibre, as well as a direct 
effect on the ‘synaptic membrane’, could all serve to bring the p.s.p. below 
firing level. In addition, nicotine might produce its action by altering the 
spontaneous activity at other synapses on the post-fibre (Furshpan & Potter, 
1959). It is clear that further work is needed to determine the site of action of 
nicotine in Cambarus and to confirm its lack of effect in Astacus. 

In most of our experiments, the post-fibres were considerably affected by 
the experimental procedure. Many of them failed to show all-or-nothing 
action potentials, but gave only graded, local responses to supraliminal de- 
polarizations (e.g. Text-fig. 12d). While the absence of a conducted post-fibre 
spike prevented testing for antidromic impulse transmission, it does not seem 


to have affected the main results obtained with steady current pulses. In 
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those experiments (e.g. Text-fig. 7a) in which the post-fibre did conduct 
action potentials, the results were essentially the same as those obtained from 
less satisfactory preparations. Furthermore, the condition of the synapse 
could apparently vary independently of the condition of the post-fibre. For 
example, in the experiment of Text-figs. 12-16 the post-fibre gave only local, 
graded spikes yet the synapse appeared to work well. A pre-fibre spike 
(90 mV) gave rise to a potential change in the post-fibre greater than 40 mV. 
Since the membrane potential level at which an active response first appeared 
was about 30 mV, the post-synaptic potential change must have consisted 
partly of local response; and one-to-one transmission would presumably have 
taken place if the action potential mechanism had been operating properly. 
The GMS’s have several properties which result directly from the presence 
of the synaptic rectifier mechanism, but are also found at junctions with 
‘chemical’ transmission. These properties cannot, therefore, be used to dis- 
tinguish this type of ‘electrical’ synapse from the ‘chemical’ junctions: such 
are (1) the almost complete absence of pre-fibre potential change during an 
antidromic post-fibre spike; (2) an apparent decrease in post-fibre membrane 
resistance during transmission; (3) monophasic p.s.p.’s; and (4) a high degree 
of dependence of the size of the p.s.p. on the level of post-fibre membrane 
potential. The first point has already been discussed. The second, the apparent 
fall of Rpost during a p.s.p., has not been demonstrated directly, but its pre- 
sence is a necessary concomitant of the decrease in synaptic resistance. 
S+ Rore is a shunt in parallel with Rpost (see Text-fig. 11). Since S decreases 
to the order of Rpost during transmission and Rpre is very small during pre- 
fibre activity, S+Rpre will also be of the same order as Rpost. The apparent 
value of Rpost measured in the junctional region during transmission probably 
falls, therefore, to about one half of its resting level. The monophasic p.s.p.'s 
at the GMS come about because the pre-fibre spike, which provides the e.m.f,, is 
monophasic. In this respect the GMS differs (i) from the situation of electrical 
interaction between adjacent axons in which the excitability changes in the 
‘post-fibre’ are triphasic (Katz & Schmitt, 1940) and (ii) from the now dis- 
carded models for electrical transmission in which the p.s.p.’s were considered 
to be diphasic (e.g. Eccles, 1946). A more appropriate model for the GMS is a 
blocked nerve fibre in which the potential changes beyond the block are 
monophasic (Hodgkin, 1937). Concerning the fourth point, it has been ob- 
served in several experiments that the p.s.p. amplitude can be varied over 4 
wide range by displacing post-fibre membrane potential. Depolarizations 
reduced the size of the p.s.p.’s while hyperpolarizations increased it. In one 
experiment the p.s.p., which was 17 mV when the steady level of post-fibre 


membrane potential was at the resting value (Vpost=0), varied from 5 to 


28 mV as Vpost was altered over the range +37 to —40 mV. This effect results 
from the dependence of VW and S on Voost (Va=Vore—Vpost and S=f(V;)). 
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During post-fibre depolarizations, for example, ¥ becomes less positive and, 
owing to the synaptic rectifier characteristic, S increases. Both factors thus 
cause a reduction in J, (=¥,/S) and, therefore, in the p.s.p.’s. With this type 
of mechanism it would not be possible, however, to reverse the sign of the 
p.s.p. and in this respect the GMS differs from ‘chemical’ synapses (e.g. 
del Castillo & Katz, 1955; Burke & Ginsborg, 1956; also see Furshpan & 
Potter, 1959). 

The above experiments have shown that pre-fibre depolarizations and post- 
fibre hyperpolarizations give rise to equal synaptic current provided the same 
p.d. across the junction is brought about. If the synapse behaves like a 
passive circuit element, this dependence of J, on ¥% should also hold when a 
given value of ¥, is established at various absolute levels of the fibre membrane 
potentials. This has been tested in a few preliminary experiments, simul- 
taneously changing Vpre and Vpost by combined application of current to both 
fibres; and the expected relationship between J, and V, was found. 


SUMMARY 


1. The mechanism of impulse transmission has been studied at the giant 
motor synapses of the crayfish, by inserting one or two micro-electrodes into 
both pre- and post-synaptic axons. These fibres could be readily recognized 
by their distinctive physiological characteristics. The distance of the pre- 
fibre electrodes from the synapse was usually 10-20% of the characteristic 
length of that fibre. At least one of the post-fibre electrodes was usually in the 
immediate region of the junction. 

2. With a recording electrode in each fibre it was found, during ortho- 
dromic nerve-impulse transmission, that the delay between the foot of the 
pre-fibre spike and the beginning of the p.s.p. was very small (usually about 
0-1 msec), 

3. An antidromic nerve impulse in the post-fibre gave rise to only a minute 
potential change in the pre-fibre (usually less than 0-5 mV). ~ 

4. Tests were made as to whether electrotonic potentials could cross the 
synapse, and it was found that even subthreshold depolarizations of the pre- 
fibre were accompanied by appreciable, but smaller, depolarizations of the 
post-fibre. Pre-fibre hyperpolarizations, however, gave rise to negligible 
changes in post-fibre potential. When the pulses of current were applied to the 
post-fibre, the results were apparently reversed ; for now hyperpolarizations of 
the post-fibre gave rise to appreciable pre-fibre hyperpolarizations, whereas 
depolarizations were accompanied by only negligible transynaptic potential 
changes. 

5. These seemingly diverse results could be explained by a simple hypo- 
thesis: electrotonic current readily flows across the junction, but the ° — 
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membrane’ is a rectifier allowing positive current to cross only in the direction 
from pre- to post-fibre. 

6. In order to test this hypothesis, the current-voltage characteristic of the 
synaptic rectifier needed to account for the observed results was constructed. 
In fact, two such curves were made, one to account for depolarizations tra- 
versing the junction from pre- to post-fibre, and the other for hyperpolariza- 
tions crossing in the opposite direction. The two curves were found to 
be identical and the two situations were thus accounted for by the same 
mechanism, namely, the ‘synaptic rectifier’. The results also showed that 
current flow across the synapse is determined simply by the p.d. across it 
(i.e. the difference between the internal potentials of pre- and post-fibre). 
Alternatively, ‘chemical’ mechanisms cannot adequately account for the 
transfer of hyperpolarizations from post- to pre-fibre. = 

7. The ‘synaptic rectifier’ is oriented in the right direction to allow local 
currents associated with a pre-fibre action potential to stimulate the post-fibre. 
It blocks oppositely directed currents, accompanying a post-fibre spike, and 
thus accounts for the absence of antidromic transmission. There is some 
evidence that the synaptic current that accompanies a pre-fibre spike is 
adequate to account for normal transmission. 

8. The functional significance and structure of the synapse was discussed. 
As well as blocking antidromic effects, the ‘synaptic rectifier’ provides a low 
resistance for transmission in the orthodromic direction. In one case the re- 
sistance of the ‘synaptic membrane’ was estimated to be about one-seventh 
that of a comparable area of pre-fibre membrane with the same p.d. across it. 
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also wish to acknowledge our debt to Professor 8. W. Kuffler, Dr B. Ginsborg, and Dr J. del 
Castillo for their helpful suggestions and comments; and to thank J. L. Parkinson, Audrey M. 
Paintin and K. 8. Copeland for frequent assistance. Financial support was received from the 
National Science Foundation and the U.S. Public Health Service. 
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EXPLANATION OF PLATE 


A transverse section of crayfish nerve cord through the region of a lateral GMS. Phase-contrast. 
The arrow (proc) indicates a post-fibre process which extends to the lateral giant pre-fibre. 
The medial giant fibre (medial) of the same side is seen on the right, with three of the smaller 
fibres of the third root (s.m-f.) on the left. Modified vom Rath’s (1895) fixative. 
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SLOW POST-SYNAPTIC POTENTIALS RECORDED FROM THE 
GIANT MOTOR FIBRE OF THE CRAYFISH 


By E. J. FURSHPAN* ann D. D. POTTER* 
From the Biophysics Department, University College London 
(Received 30 July 1958) 


Two types of post-synaptic response have been recorded from the giant motor 
fibres in the nerve cord of the crayfish (Furshpan & Potter, 1959). These were 
the rapid excitatory post-synaptic potentials which arose at the giant motor 
synapses and slower potentials of unknown origin. Further study has indi- 
cated that the second type of response is associated with an inhibitory effect 
and it resembles the J potentials of crayfish stretch receptor neurones in 
several respects (Kuffler & Eyzaguirre, 1955). An added point of interest is 
that transmission across these synapses appears to be brought about by a 
‘chemical’ mechanism, unlike the ‘electrical’ mechanism described in the 
preceding paper. 
METHODS 

The methods for preparing, stimulating and recording from the ventral nerve cord of Astacus 
fluviatilis were identical to those used before (Furshpan & Potter, 1959). In most experiments the 
giant motor fibre (‘post-fibre’) was impaled with two micro-electrodes at various places between 
the mid line of the nerve cord and the point at which the fibre leaves the third ganglionic root 


(see Fig. 1 of the preceding paper, p. 290). Solutions could be run through the chamber without 


dislodging the electrodes, at a rate of flow such that the effects of drugs were often seen within 
15 sec. 


RESULTS 
The two types of post-synaptic potentials (p.s.p.’s) produced in the giant 
motor fibre by stimulation of the nerve cord are shown in Fig. 1a. Following 
the initial excitatory potentials, which arose at the giant motor synapses 
(Furshpan & Potter, 1959), there were smaller, slower p.s.p.’s. The two re- 
sponses could be readily distinguished by several criteria, among which was 
their difference in time course. It can be seen from Table 1 that there 


was no overlap between the values for rise time and for time from onset to 
half-decline. 


* US. Public Health Service Fellows. Present address: Wilmer Institute, The Johns Hopkins 
Medical School, Baltimore 5, Maryland, U.S.A. 
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The slow potentials were also seen in the absence of cord stimulation 
_ (Fig. 16) in all but a few cases. The discharge was very variable in frequency 
and sometimes appeared to be rhythmic. The time course of the spontaneously 
arising slow potentials is given separately in Table 1. 


Fig. la: Excitatory and slow p.s.p.’s on two successive sweeps. On the first sweep only a slow 
p.8.p. was recorded. On the second cord stimulation strength was increased, exciting the 
lateral giant fibre; the slow potential summed with the falling phase of the larger excitatory 
p.8.p. 6: Spontaneous slow p.s.p.’s. Several sweeps superimposed in each line. The base line 
was displaced 10 mV between lines. c: All-or-nothing increments in the size of slow potentials. 
Cord stimulation strength was increased after each of the five superimposed sweeps. 


Taste 1. Time courses of the excitatory, the slow and the spontaneously arising slow p.s.p.’s. 
The range is given in brackets beneath the mean and s.x. The onset was determined by 
extrapolating the approximately linear part of the rising phase to the base line 


Time from onset 
Number of Rise time to half-decline 
Type of p.s.p. post-fibres (msec) (msec) 
Excitatory 28 0-45 + 0-02 14401 
(lateral pre-fibre) (0-31-0-91) (0-83-3-2) . 
Slow 22 3140-19 12-0+0-84 
(18-40) (7-7-24-0) 
Spontaneous 20 3840-16 14-7+1-11 
slow (1-7-6-2) (5-7-29-5) 
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The slow p.s.p.’s never exceeded 10 mV in amplitude and at the resting level 
of post-fibre membrane potential appeared as depolarizations in all cases but 
one. (In this preparation slow p.s.p.’s were seen only when the membrane 
potential was displaced from its resting value, except at very high stimulation 
intensity.) Increasing the strength of the stimulus usually produced all-or- 
nothing increments in the size of the slow response (Fig. 1c), indicating that 
several presynaptic nerve fibres were involved. The largest number of such 
all-or-nothing steps was seven. 

In Fig. 2 the spontaneous slow potentials are compared with those which 
arose in response to cord stimulation. The similarity in the sizes of the two 
potentials strongly suggests that the spontaneous p.s.p.’s are not analogous to 
the miniature end-plate potentials of vertebrate muscle (e.g. Fatt & Katz, 
1952), but are due to the all-or-nothing firing of the presynaptic axons. In a 
few preparations the spontaneous p.s.p.’s repeatedly occurred in several 
different sizes, suggesting that more than one of the ‘slow’ ‘pre-fibres’ was 
discharging. 


Dependence of the size and sign of the p.s.p.’s on post-fibre 
| membrane potential 

Fig. 3 shows the effect of superimposing the slow potentials on electrotonic 
pulses. The p.s.p.’s were reduced in size during a small depolarizing pulse 
and reversed in sign when the depolarization was larger. In this case the 
membrane poten:ial at which the p.s.p.’s changed sign (the ‘ reversal potential’) 
was 8-10 mV below the resting level. When the membrane was hyperpolar- 
ized the amplitude of the p.s.p.’s was increased over that at resting potential. 
The dependence of the p.s.p. amplitude on post-fibre membrane potential is 
shown graphically, for another experiment, in Fig. 4. The relationship is 
approximately linear over a range of about 30 mV of membrane potential 
with a slope of 0-54. An alternative way of describing the effect is that the 
slow p.s.p. tended to diminish, by a constant fraction, any electrotonic dis- 
placement of the membrane potential from the reversal level; and in this case 
the slow p.s.p. amounted to 54% of the deviation from reversal potential. 
In the seven experiments in which this calculation could be made, and in 
which apparently maximal cord stimulation was émployed, the mean ampli- 
tude of the slow response was 49°, (27-75%) of the departure from reversal 
potential. 

In Fig. 4 the depolarization at which reversal occurred was about 3 mV. 
In sixteen experiments in which the intracellular electrodes were filled with 
3m-KCl (Coombs, Eccles & Fatt, 1955), the mean reversal potential was 8-6 mV 
below the resting level (range, 3-20 mV). In seven other experiments, in 
which the electrodes contained 0-6m-K,SO, or 2:5m sodium citrate, the mean 
reversal depolarization was 6-0 mV (1-125 mV). In most experiments the 
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resting potential of the post-fibre was not known and the absolute reversal 
membrane potential could not be determined. 

The above observations are qualitatively similar to those which have been 
made at several different junctions (e.g. Fatt & Katz, 1951, 1953; Coombs 
et al. 1955; Burke & Ginsborg, 1956). In each case the results were explained 
in terms of a chemical transmitter which increased the conductance of the 
post-junctional membrane to one or more ions. The transmitter would thus 


Fig. 2 : Fig. 3 


Fig. 2. Comparison of the time courses of slow p.s.p.’s which arose spontaneously and in response 
to stimulation of the cord. In each of the three frames, which are all from the same experi- 
ment, graded slow p.s.p.’s which follow immediately after the shock artifact were produced by 
gradually increasing the stimulus strength on a number of successive sweeps. The frequency 
of the spontaneous potentials was increased by the stimulation. 


Fig. 3. Effect of displacing the membrane potential of the post-fibre on slow p-8.p.’s (spontane- 
ously arising in a; in response to cord stimulation in b). Catelectrotonus (upward deflexions) 
and anelectrotonus (downward deflexions) were produced by passing pulses of current with a 
micro-electrode inserted less than 0-2 mm peripheral to the recording electrode. 
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tend to shift the membrane potential towards the electrochemical equilibrium 
for those ions; and the size and sign of the resulting p.s.p. would depend on 
the value of the membrane potential in relation to this equilibrium level 
(Fatt & Katz, 1953). It seems very likely that the same type of ‘chemical’ 
mechanism accounts for the slow p.s.p.’s. In any event, their reversal cannot 
be explained by the ‘electrical’ transmission found at the giant motor synapses 
(Furshpan & Potter, 1958), and thus two quite different types of junctional 
mechanism are present on the same post-fibre. 
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Fig. 4. Changes in the size and sign of the slow p.s.p.’s with changes in post-fibre membrane 
potential. Depolarizing slow p.s.p.’s are plotted above the horizontal axis. At resting poten- 
tial the p.s.p.’s were 1-4 mV in size; they reversed sign about 3 mV below resting potential. 


Interaction of the slow potentials with the p.s.p.’s of the giant motor synapses 

In all the above experiments the reversal depolarization was consider- 
ably less than the threshold depolarization. This suggested that the slow 
p.s.p.'s would be associated with inhibitory effects, and the interaction 
between the two types of responses was examined. It was found that the 
excitatory p.s.p.’s were always diminished when superimposed on the rising 
phase of the slow potential; but when they coincided with the declining phase, 
they were reduced in some preparations and augmented in others (Fig. 5). The 


mean maximum reduction, in fourteen experiments, was 20% (6-53%). The © 


augmentation of the excitatory p.s.p. was due to its summation with the slow 
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potential. The effect was usually slight and the largest increase observed 
(Fig. 56) was 10%. 


There is reason for believing that, in the intact animal, the percentage reduction might be 
greater and the augmentation effect absent. It is possible that the disparity which was usually 
observed between the reversal and resting levels of membrane potential was due to experimental 
damage (see Discussion). If the two levels were coincident, the ‘inhibitory action’ would not be 
accompanied by any potential change (Fatt & Katz, 1953) and summation between excitatory 
and slow potentials could not occur. The ‘inhibitory’ effect would be enhanced because it tends 
to restore, by a constant fraction, any displacement of membrane potential from the reversal 
level and the further (i.e. at higher membrane potential) this level is from the peak of the excita- 
tory p.s.p., the larger the reduction which results. If the reversal potential were at or near the 
resting level, there could be little doubt that the slow p.s.p.’s would have an inhibitory effect. 


10 mV 


msec 


Fig. 5. Depression of excitatory p.s.p.’s by slow potentials. a: Seven excitatory p.s.p.’s produced 
by internal stimulation of the lateral pre-fibre were successively superimposed on a slow 
potential. The rising phase of the slow potential is obscured by a small excitatory p.8.p. 
which arose at another giant motor synapse. b: Tracing of a similar experiment. The peaks 
of the ‘giant’ p.s.p.’s are indicated by dots; in the absence of a slow potential these p.s.p. 8 
were 20 mV in amplitude (line drawn parallel to the base line). 
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The action of gamma-aminobutyric acid on the post-fibre 
Gamma-aminobutyric acid (GABA) has recently been found to inhibit the 
contraction of crayfish muscle (McLennan, 1957) and to mimic some of the 
effects of the inhibitory synapses on crayfish stretch-receptor neurones 
(Edwards & Kuffler, 1957). It was of interest, therefore, to see if GABA would 
also imitate some of the effects of the slow p.s.p.’s. 


Fig. 6. The effect of 3 x 10-* g/ml. GABA on post-fibre membrane potential and resistance. Lower 
trace: 20 msec pulses of hyperpolarizing current passed with an internal electrode. Upper 
trace: potential changes in the post-fibre recorded with another micro-electrode, hyper- 
polarizations downward. At the signal on the left (two 10 mV steps) van Harreveld’s solution 
containing GABA began to flow into the chamber. After about 25 sec the post-fibre mem- 
brane potential fell slightly and the anelectrotonic potentials began to decrease in size. 
The break in the record represents a period of about 100 sec during which GABA continued 
to flow into the chamber. At the moment when the record recommences, fresh van Harre- 
veld’s solution was introduced to wash out the GABA. 


Solutions of GABA more concentrated than about 2 x 10-5 g/ml. were found 
to produce a marked decrease in resistance, and a slight (2-10 mV) fall in 
the membrane potential, of the post-fibre. The effect of 3 x 10-5 g/ml. GABA is 
illustrated in Fig. 6. In this case the maximum fall in membrane potential 
was 4mV and even before washing with normal solution (beginning after 
the gap in the record) the potential level had partially returned to its resting 
value. The decrease in membrane resistance is shown by the reduction in the 
amplitude (by a factor of five) of the anelectrotonic potentials. It can be seen 
that the effect was reversible; and on each of three repetitions of the procedure, 
similar results were obtained. The figure does not give a measure of the rapidity 
of the GABA action. The recorded time course was probably determined, for the 
most part, by the rate at which the drug solution flowed into the chamber and 
mixed with the normal solution. A decrease in the membrane resistance of 
the stretch-receptor neurones during GABA application has recently been 
reported by Kuffler & Edwards (1958). When the membrane potential was near 
the resting level, no potential change occurred during the GABA action; while 
in stretch-depolarized cells GABA gave rise to a hyperpolarization. With their 
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method of rapid drug application this hyperpolarization appeared within a 
fraction of 1 sec. “ 

In five experiments, 5 x 10-* g/ml. GABA reduced the amplitude of electro- 
tonic potentials by a mean factor of about eight (range, about 4-12), and caused 
a mean fall in membrane potential of 6 mV (4-10 mV). As would be expected 
from its effect on post-fibre membrane resistance, GABA also brought about 
a pronounced depression of the excitatory p.s.p.’s. In six experiments the 
excitatory potentials were decreased in amplitude by a mean factor of about 
six (3-10) in 5x 10° g/ml. GABA. 

Inasmuch as GABA reproduces some of the effects of the presumed trans- 
mitter at the slow synapses, it might be asked if the two substances have 
the same action on the post-fibre. If in both cases the conductance increase 
involves the same ion or ions, then the equilibrium potential for both effects 
would be identical. There is insufficient information about the spatial dis- 
tribution of either the ‘slow’ synapses or the sites sensitive to GABA to 
make an exact determination of the equilibium level in either case. Neverthe- 
less, it is apparent that the two levels are not very different. The reversal 
potential gives a rough measure of the equilibrium level for the slow p.s.p.’s 
(Burke & Ginsborg, 1956) and, provided the conductance change is very large, 
the depolarization caused by GABA approaches the equilibrium potential for 
that effect. In the six experiments in which the comparison could be made, the 
mean difference between the slow-potential reversal level and the depolariza- 
tion caused by 5x 10-* g/ml. GABA, was only 1-2 mV (0-3 mV); and in the 
two cases in which the disparity was largest there was evidence that the 
GABA effect was not maximal. The mean depression of excitatory potentials 
by 5x 10-5 g/ml. GABA was about five times larger than that produced by 
the slow p.s.p.’s. This is probably not incompatible with the suggestion that 
GABA and the slow p.s.p.’s affected the conductance to the same ion or ions. 
The action of the transmitter was relatively brief, whereas that of GABA was 
prolonged and, possibly, on a larger number of sites in the post-fibre membrane. 

The effect of GABA on the lateral giant pre-fibre was also tested. In three 
of the four experiments, pre-fibre membrane resistance and potential were 
quite unaffected by 5 x 10-5 g/ml. GABA. In the fourth case the slight reduc- 
tion in membrane potential and resistance was accounted for by the fact that 
the lateral giant motor synapse did not show the usual rectification and thus 
the reduced membrane resistance of the post-fibre short-circuited the pre-fibre. 


DISCUSSION 
The reversal in the sign of the slow p.s.p.’s cannot be accounted for by the 
junctional rectifier mechanism found at the giant motor synapses. On the 
other hand, the behaviour of the slow p.s.p.’s resembled that of the inhibitory 
potentials at certain peripheral junctions in crustaceans (Fatt & Katz, 1953; 


e 
4 
| 


334 E. J. FURSHPAN AND D. D. POTTER 


Kuffler & Eyzagnirre, 1955), and the ‘chemical’ mechanism of transmission 
that was proposed in those cases can also be applied to the present one. Thus, 
both ‘chemical’ and ‘electrical’ synapses are apparently present on the same 
post-fibre. 

The recorded reversal level would have differed from the equilibrium 
potential if there was spatial decrement of potentials between the electrodes 
and the synapses, or if the latter were distributed over the length of the post- 
fibre (Burke & Ginsborg, 1956). The apparent equilibrium potential would 
also have varied with changes in the resting potential. In addition, the equili- 
brium level would differ from that in the intact animal if the normal distribu- 
tion of ions across the post-fibre membrane was altered by the experimental 
procedure. The small difference between the mean reversal levels recorded 
with micro-electrodes containing different salts suggests that leakage from the 
electrodes was not an important factor. Diffusion of salts would be expected 
at the cut end of the post-fibre and at other regions damaged by dissection 
and micro-electrode insertion, but the importance of these effects in altering 
the equilibrium potential is not known. In the absence of more information 
about the ‘normal’ level of the equilibrium potential and the reflex connexions 
of the pre-fibres, the function of the slow p.s.p.’s cannot be decided conclusively. 
We have not demonstrated inhibition as such, but only a depression of sub- 
threshold excitatory p.s.p.’s. The mean depression in fourteen experiments 
was only 20%, and in most of the cases there was also a slight augmentation 
of the excitatory potential, due to its summation with the declining phase of 
the slow p.s.p. On the other hand, it should be pointed out that the percentage 
depression does not provide a good measure of the effectiveness with which 
impulse transmission is prevented. For example, a slow potential would not 
depress at all an excitatory p.s.p. which was just equal to the reversal depolar- 
ization, even though it might reduce and bring below threshold a larger 
excitatory potential. A better measure of the intensity of the ‘inhibitory action’ 
is given by the percentage depression of that fraction of the excitatory p.s.p. 
which exceeded the reversal depolarization. In the five experiments in which 
this could be determined a mean value of 28°% (9-69) was found, whereas 
in the same experiments the mean depression of the total amplitude of the 
excitatory potential was only 13-5% (6-40%). 

There is an additional factor which might have contributed to the relatively 
slight depression obtained in some of the experiments. A number of pre-fibres 
give rise to the slow response and there was no way of knowing if all of them 
had been stimulated, or whether those axons which did fire made synaptic 
contact with the post-fibre close to the relevant giant motor synapse. 
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SUMMARY 


1. A description is given of small slow post-synaptic potentials which arose 
in giant motor fibres, either spontaneously or as the result of stimulation of 
the dorsal surface of the nerve cord. In size and time course these p.s.p.’s 
differed markedly from the excitatory ‘giant’ p.s.p.’s. 

2. The sign of the slow p.s.p.’s was dependent on the level of the membrane 
potential of the giant motor fibre. At membrane potentials above a particular 
level (the ‘reversal potential’) the p.s.p.’s appeared as depolarizations; below 
this level they appeared as hyperpolarizations. The mean reversal potential was 
about 7mV below the resting potential of the giant motor fibres. The observation 
of such a reversal point is regarded as evidence that a ‘chemical’ transmitting 
mechanism must be responsible for the production of these slow p.s.p.’s. 

3. The slow potentials depressed the excitatory p.s.p.’s arising at the giant 
motor synapses. However, it cannot be stated whether they constitute a 
mechanism which is normally involved in regulating transmission across these 


synapses. 
4. Gamma-aminobutyric acid in concentrations of 3-5x10- g/ml. 
mimicked some of the effects of the slow p.s.p.’s. 
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An adult animal’s intake and expenditure of energy are normally almost 
equal over long periods. This equality is probably brought about mainly by 
adjustment of the amount of food eaten. Regulation of food intake is par- 
ticularly efficient in the young adult rat, which can adjust its intake to provide 
a nearly constant supply of calories when the bulk it must eat is varied by 
diluting the food with inert material (Adolph, 1947; Kennedy, 1950). In the 
rat and other mammals which have been investigated, bilateral lesions in the 
region of the ventromedial nuclei of the hypothalamus cause obesity if the 
animal has free access to food which it finds palatable; the obesity is due, 
mainly if not entirely, to an increase in the amount of food eaten (Hethering- 
ton & Ranson, 1942; Brobeck, 1946; Kennedy, 1950). It has therefore been 
suggested that the hypothalamus contains nervous centres which normally 
control the intake of food, and that these are damaged by the lesions (Anand 
& Brobeck, 1951). 

There has been much discussion of the way in which these centres work. It 
is difficult to see how they can directly measure the number of calories 
expended in a given period, and then regulate feeding to provide just this 
amount of energy. Alternatively, the regulating centres may be sensitive to 
some change in the body which follows the intake or expenditure of 
energy, and they may inhibit or encourage eating until the changed quantity 
has been restored to normal. This would be a ‘feedback’ control system: 
the controlling centres would be acting on information, fed back to them 
from the periphery, about the behaviour of the quantity they stabilized. 
Mechanisms of this type are known to be important in the body, as well 
as in artificial control mechanisms. Brobeck (1948), Mayer (1952) and 
Kennedy (19536) have proposed systems of the feedback type in relation to 
the control of food intake. It has not, however, been directly demonstrated 
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that the regulation of food intake involves a feedback system, and there is 
conflicting evidence as to the nature of the information used and the path 
by which it reaches the centres. Food intake can be shown to be modified in 
response to many factors; the difficulty is to identify the mechanisms par- 
ticularly concerned in achieving an approximate balance of energy over long 
periods. 

In the present study a series of parabiotic rats have been subjected to 
hypothalamic lesions of the type which causes obesity. Parabiotic animals 
are surgically united when young, and exchange blood throughout life; the 
preparation has proved valuable in investigating a number of physiological 
interrelationships involving long-term responses (Finerty, 1952). It has 
already been briefly reported that lesions made in one member of a para- 
biotic pair appear to influence the feeding of the other (Hervey, 1957). This 
response in the partner may provide some further evidence of the mechanism 
and pathways which in normal animals regulate the intake of food over long 
periods, and so maintain energy balance. 


METHODS 
Animals 
The rats were a hooded strain which originally came from the Lister Institute. They had been kept 


tained 8-12 young were used. The young were separated from the mothers on the 21st day after 
birth. The diet was Mill Hill Diet 41 (Bruce & Parkes, 1949). Food and water were provided 
ad libitum. When rats had been subjected to hypothalamic lesions, food was scattered around the 
cage as well as supplied in the usual hoppers. 


Parabiosis 
The pairs of rats united in parabiosis were litter-mates of the same sex whose weights did not 
differ by more than 3% at the time of joining. Most pairs were united when 4 weeks old, but the 
most recent ones have been united when a week or two older. As many pairs as possible were 
made from each litter, and any comparable animals left over were kept as single controls. Some 


surgical technique used for the earlier pairs was that of Bunster & Meyer (1933), in which the 
peritoneal cavities are opened and the four cut edges of muscle and peritoneum united in one 
suture. In later pairs the upper and lower cut edges were sutured separately, making a coelio- 
anastomosis’ (Sauerbruch & Heyde, 1908). This avoids the risk of small openings forming between 
the peritoneal cavities and occasionally causing death through strangulation of loops of intestine. 
In the most recent pairs the abdominal cavities have not been opened and firm union of the pos- 
terior parts of the bodies has been secured by tying the femora together (J. M. Ledingham, per- 
sonal communication). Bunster & Meyer's technique of uniting the scapulae was followed, except 
that the seapulae were scraped to expose raw bone before suturing. Aseptic technique was used as 
far as practicable. 

22 PHYSIO. CXLV 


as a closed colony for some years. Initially animals for parabiosis were more closely inbred by 
mating litter-mates for three generations before using the offspring; later pairs were made from 
ordinary stock litters. In order to standardize the size of the animals as far as possible they were 
bred from females weighing between 200 and 250 g, and only second and third litters which con- 
| angle mais were pd to ham m extensive surpe 
was carried out without uniting animals. Both sexes were used. The anaesthetic was pentobarbi- 
tone sodium, . 7 sritone in a dose of approximately 6 mg/100 g body weight. The 
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Plasma exchange 

The dye Evans Blue (T-1824) was used to confirm the existence and amount of the exchange of 
plasma between the members of pairs. A dose of 0-1 ml./100 g total weight of the pair, of an 
0-25% solution of the dye, was injected into a femoral vein of one rat under ether anaesthesia. 
A half, one, and sometimes two hours after the injection, about 0-3 ml. of blood was collected from 
each member of the pair by snipping the tip of the tail under light ether anaesthesia. Clotting 
was prevented by a trace of solid heparin. After separating the plasma, 0-1 ml. from each specimen 
was diluted with 3-4 ml. 0-2% sodium carbonate, and the optical densities were read at 620 my 
in a spectrophotometer. The rates of plasma exchange were calculated from the formula: 


coth rt 
where r is the rate of exchange as a fraction of one animal’s plasma volume per minute, ¢ is the 
time in minutes after injection, and ¢, and ¢, are the optical densities for the injected animal and 


mm 


Optic chiasma 


Lesions 


Pituitary stalk 


Text-fig. 1. Under surface of rat's brain post-mortem, showing effective hypothalamic lesions 
(Traced from a colour photograph.) 


its partner. This formula depends upon assumptions that the members of a pair have equal plasma 
volumes, that disappearance of the dye from each circulation is exponential, and that the time 
constants of disappearance are the same in both animals. These assumptions were tested by 
giving different doses of dye to single animals and following the rates of disappearance from the 
plasma. They appeared to be approximately true over the duration of the test. The calculations 
from successive bleedings also usually agreed well. In view of existing evidence (Finerty, 1952) 
it was not thought necessary to verify exchange of blood cells as well as of plasma. 


Hypothalamic lesions 

The lesions were made with a stereotaxic instrument based on Krieg’s (1946) design, using a 
direct current of 2 mA passed for 74-10 sec. The position of the lesions was verified after death 
by naked-eye examination of the under surface of the brain. The lesions are easily visible; the 
appearance when they are correctly placed is shown in Text-fig. 1. Variation in size of the animals 
was allowed for by adjusting the antero-posterior co-ordinate (i.e. the distance forward from 
the line of the ear-bars of the instrument to the site of the electrode). The correct distances were 
found for a number of animals by operating upon and killing them. The distances were then 
plotted against a ‘skull length index’, obtained by measuring the distance between the ear-bars 
and jaw-bar of the stereotaxic instrument with the animal in place, using an engineering calliper. 
The graph was used to obtain the co-ordinate for any animal being operated upon. This method 
was found more reliable for parabiotic animals than working from the total weights of pairs. The 
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correct distances lay between 5 and 7 mm. The lateral position of the electrode was obtained by 
moving it 0-5 mm to each side of the mid line (0-7 mm in the largest animals), and the vertical 
position by lowering it until the tip touched bone and then withdrawing about 0-2 mm. 


Analyses 
The animals were killed with ether. After the carcasses had been weighed, individual organs 
were dissected out, blotted and weighed. Except in the earliest animals the contents were re- 
moved from the alimentary tract, and the loss of weight recorded. The bodies were placed on 
weighed trays in an oven at approximately 105° C, chopped and spread out after 24 hr, and dried 
to constant weight. Fat was estimated in the dried material by extracting in successive changes 
of petroleum ether until the supernatant appeared to be fat-free; this required three to five changes. 
The solids were separated from petroleum ether by filtering through cambric, and after the last 
extraction were again dried in the oven and weighed. This method was checked by recovery of 
the fat from the solvent and by Soxhlet extraction of the residues; 98-99% of the fat was ex- 
tracted. Total nitrogen was estimated in some of the dry fat-free residues by a3 tandard micro- 
Kjeldahl method. 
RESULTS 
Parabiosis 


In the course of the experiments 93 parabiotic pairs have been made. Out of 
39 pairs made from specially inbred stock, 32 (82%) survived to become 
young adults. All the animals lost from this group died during the operation 
or from infection or illness afterwards, and none from the condition known as 
parabiotic intoxication or disharmony, in which one member of a pair fails to 
grow, becomes thin and anaemic, and dies 2-3 weeks after parabiosis (Finerty 
& Panos, 1951). Two pairs killed later may have suffered from a mild form of 
disharmony. Of the 54 pairs made from ordinary stock 30 (55%) survived 
to young adulthood. Hight of the pairs in this group which died appeared to 
be typical cases of disharmony; one pair which died as adults were thought to 
show disharmony; and two pairs apparently developed disharmony but 
recovered later. The difference in the incidence of disharmony agrees with 
Finerty & Panos’ suggestion that the incidence is inversely related to the 
closeness of inbreeding. Close inbreeding, however, led to smaller litters and 
smaller-sized young, and was given up for this reason. 

The pairs which survived grew well and seemed healthy and, as far as 


could be judged, contented (Plate 1). Individuals in parabiosis, however, 


grew more slowly and weighed less at any age than comparable unpaired 
animals. This was not simply due to the effect of a surgical operation in in- 
fancy, for the sham operations on single animals had no detectable effect. 
Twelve normal pairs could be compared with single litter-mates, of the same 
sex and similar weight at the time of parabiosis. At 5 months old the animals 
in the parabiosis weighed 71-85% of the weights of their single litter-mates 
(average 78%). For this comparison the parabiotic animals’ weights were 
taken to be half the total weights of the pairs. When parabiotic animals were 


killed without further experimental treatment the weights of the individuals 
22-2 
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in a pair were normally found to be approximately equal. Ten normal pairs 
were killed at various ages; the weights of the separated individuals differed 
from the mean weights of the pairs to which they belonged by 1-8% of the 
mean weights (average 4%; see Tables 3 and 4). 

The rate of exchange of plasma was measured in eight pairs. The results 
ranged from 0-3 to 2-1 % of one animal’s plasma volume exchanged per minute 
(mean 1-0%, s.z.+0-2°%). The mean value is a usual one for parabiotic rats 
(Finerty, 1952; J. M. Ledingham, personal communication). The presence or 
absence of a coelio-anastomosis made no apparent difference to the exchange 
of plasma. The two pairs with the lowest exchange rates were early pairs, 
made by the unmodified Bunster & Meyer technique, in which the scapulae 
had become widely separated. 


Hypothalamic lesions 

An attempt was made to produce hypothalamic lesions of the type which 
lead to obesity in the right-hand animals of 32 parabiotic pairs. The lesions 
- were normally made when the animals had just passed the stage of rapid 
growth. Whenever possible a second pair of the same sex and litter was kept 
unoperated on for comparison, and so also were the single litter-mates. Thus 
three groups of animals were obtained, normal single animals, normal pairs, 
and pairs with lesions in the right-hand animal, all from similar stock and 
including litter-mate comparisons where possible. Hypothalamic lesions were 
also made in a number of single animals; the animals in this group were not 
specially selected to be comparable with the others. In a first series of 
11 operations on members of pairs, 4 were successful. In a later series of 
21 pairs, one pair died during the operation, and in all others the lesions were 
effective. 

Five pairs with effective lesions, however, were lost,soon after the operation. 
Three of the operated animals died from aspirating food into the trachea; one 
died from intestinal obstruction caused by eating sawdust; and one died from 
excessive drinking. Brobeck, Tepperman & Long (1943a) described choking 
from voracious eating soon after hypothalamic lesions. Parabiotic animals 
seemed to be particularly liable to death in this way, and latterly care was 
taken to withdraw food and water and anything the animals could swallow 
for 24 hr after making the lesions. On the other hand, no single animals with 
lesions were lost as a result of post-operative voracity, although no special 
precautions were taken with them. 

In single animals successful lesions were followed by the hyperphagia and 
obesity which are now well known. In parabiotic pairs, the effects in the 
animals which received the lesions (i.e. the right-hand animals of operated 
pairs) were in general similar. On recovering from the anaesthetic most of 
these animals were overactive, and they would immediately eat voraciously 
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and unselectively. The overactivity disappeared within 24 hr, though the 
operated animals often remained somewhat irritable and more difficult to 


handle than before. The grossly voracious eating also disappeared, but pairs of 
which one member had received lesions continued to show a greater food 


R of pair 
with 


Birch 


Months 


Text-fig. 2. Growth curves and post-mortem body weights of a group of two parabiotic pairs and 
one single rat. All were males and litter-mates. At approximately 5 months old, lesions were 
made in the hypothalamus of the right-hand member of one pair. The left-hand member of 
this pair appeared to be moribund approximately 2} months later; all the animals were then 
killed. , + x total weight of each pair during life. —.—-— , weight of single control rat. 
----- , presumed weights of individuals of pair in which lesions were made, after placing of 
the lesions. @, individual body weights after death and separation of the parabiotic pairs. 


intake than before the operation, and their total weights rose rapidly, Text- 
fig. 2 shows the weight curves for a group of five male litter-mate animals, 
which provided a normal single animal, a normal parabiotic pair, and a 
parabiotic pair in which hypothalamic lesions were made in the right-hand 
animal, The weight curves for some pairs which were kept long enough appeared 
to approach a plateau 2-3 months after lesions had been made. 
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The live weights and food intakes of parabiotic animals have so far only 
been satisfactorily measured as the totals for pairs. Tables 1 and 2 show the 
increases in weight, and the intakes of food where known, for single rats and 


TaBie I. Weight gains and food intakes of single rats in 28 days after hypothalamic lesions 
Initial Weight gai Food intake Ratio: 


weight in 28 days in 28 da excess food (g) 
Serial no Sex (g) (g) (g) excess gain (g) 

1 M 236 76 — — 
2 F 169 79 700 5-0 
3 F 178 112 
4 F 135 130 730 3-9 
5 M 260 116 — — 
6 M 212 48 — — 
7 M 232 149 — — 
8 F 171 163 = — 
F 172 150 — 
10 M 131 
ll M 313 192 1360 3-8 
12 M 245 252 — — 
13 M 285 183 1350 41 
14 M 280 113 980 5-2 
15 M 217 77 — —_ 
16 M 173 136 _- — 
17 M 178 171 — — 
18 M 152 134 
19 M 207 93 — — 
20 M 234 142 — —_ 
21 M 266 152 — — 
22 M 184 157 — — 
23 M 188 126 —_— ome 
24 M 167 109 — — 
25 M 126 44 bene aie. 
Average 209 129 1020 4-4 


Mean age at operation: 4-1 months. 


TaBLE 2. Weight gains and food intakes of parabiotic pairs in 28 days after hypothalamic 


lesions in the right-hand animal 
Initial Weight Food intake Ratio: 
weight in28days in28days excess food (g) 
Serial no. Sex (g) (g) excess gain (g) 

8 F 210. 109 
12 M 247 128 
14 M 349 126 1320 48 
18 M 285 55 990 4-0 
42 F 367 183 me ee 
49 M 505 119 1530 3-5 
53 F 329 83 
54 F 318 128 
56 F 354 131 ante me 
58 M 492 164 sale sks 
60 M 443 103 1450 5-9 
66 M 454 52 1190 3-6 
71 M 481 225 
79 M 445 155 1540 4-5 
81 F 294 184 
85 M 568 100 

Average 384 128 1340 44 
Mean age at operation : 5-1 months. 
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parabiotic pairs during the 28 days after the placing of lesions in the hypo- 
thalamus (of the right-hand animal in the case of the pairs). Both tables 
include all animals in which the lesions led to a definite increase in weight and 
which survived for 28 days or longer. Within each group the gains of weight 
did not seem to be influenced by the animal’s age, sex or initial weight, so the 
lack of comparability in these respects may not invalidate comparison of the 
effects of the lesions. 

The average increases of weigglt in the 28 days were the same in both 
groups. The average rate of weight gain over the period was 4-6 g/day in both 
single animals and parabiotic pairs. The food intakes of single and parabiotic 
animals are not directly comparable, and satisfactory measurements were only 
made on a minority of animals in each group. It also so happens that five of 
the six pairs with lesions, for which food intake measurements were available, 
showed less than average gains of weight (perhaps because choking tended to 
remove the pairs with the most effective lesions, if food was continuously 
available, as it was if intake measurements were being made). If, however, 
the increases in food intake per unit of extra weight gained are calculated, 
(by comparison with pre-operative data), the ratios so obtained are in the 
same range in both groups (final columns in Tabies i and 2). As the average 
weight gains in the complete groups were the same, this suggests that the 
average increases in food intake might also have been the same if measure- 
ments had been available for the complete groups. The ratios also show that, 
in both groups, an average of 0-23 g body weight was gained for every gram 
of extra food eaten, or about 0-08 g for each excess kilocalorie. The efficiency of 
conversion of food into body weight was apparently of the same order in single 
and parabiotic animals. 

It was clear from observation that the hyperphagia and weight gain of 
pairs with lesions in one member were entirely due to the animals which re- 
ceived the lesions (i.e. the right-hand animals). These animals showed the 
initial overactivity and voracity, their stomachs were distended within a day 
of the operation, and they rapidly became obviously obese. The partners with 
intact hypothalami (the left-hand animals) were certainly not eating raven- 
ously, and appeared to be eating less than before. They became obviously thin. 

After the first 24 hr after operation the animals with lesions did not inter- 
fere with their partners’ feeding in any way that could be seen. They were not 
seen to attack their partners, drag them around the cage, or impede their 
access to food, which was freely available. If a pair was held and offered food, 
the obese, right-hand member of the pair investigated and usually ate the 
food ; the left-hand animal, although in the later stages it appeared emaciated, 
took no interest in food held under its nose. 

Many of the left-hand animals became listless and inactive. Two of them 


died, both about 8 weeks after lesions had been made in the right-hand 
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animal. In one instance the obese animal was still alive when the death was 
discovered. In the other, both animals were dead, but the prior death of the 
left-hand animal was shown by the accumulation of blood in its body. A 
one-way movement of blood takes place when one member of a parabiotic 
pair dies before the other; this effect appears to be a very reliable indication 
of which animal has died first when a pair is found dead. Two other pairs were 
killed because the left-hand partners appeared to be moribund, 8 and 10 weeks 
after the operation. 

Three pairs with effective lesions in the right-hand animal were subjected 
to further hypothalamic lesions in the left-hand animal (see below). Four 
pairs were lost in the course of other experimental surgery or from infection. 
The remaining eight pairs with lesions in one member were killed arbitrarily 
1-3 months after the operation. 


Post-mortem findings 

At post-mortem examination the individuals with effective lesions in the 
hypothalamus were obviously obese, as would be expected. The thin and 
starved appearance of their parabiotic partners was almost equally striking 
(Plates 2, 3). In the animals with lesions much fat was visible in the sub- 
cutaneous tissues and omentum; the alimentary tracts, particularly the 
stomachs, were hypertrophied and full; the livers were large, pale and mottled. 
The appearances were in no way different from those seen in single rats with 
effective hypothalamic lesions. The bodies of the partners contained no visible 
fat; the viscera appeared atrophic and empty; the livers were small and dark. 
Where a coelio-anastomosis had been made, the mass of viscera and omentum 
belonging to the animal with lesions almost filled the combined peritoneal 
cavity; but the partners showed the same changes whether or not a coelio- 
anastomosis was present. The partners which died spontaneously, or appeared 
to be moribund, showed no abnormalities beyond those described. Normal 
parabiotic animals contained some visible fat, although less than single 
animals; their viscera, although smaller and less well-filled than in single 
animals, looked essentially normal and did not show the appearance of 
atrophy and emptiness seen in the partners of animals with lesions. 

Numerical data obtained at post-mortem and in subsequent analyses are 
given in Tables 3-6. Tables 3 and 4 give the body weights and fat contents 
of normal single animals, normal parabiotic pairs, parabiotic pairs with lesions 
in the hypothalamus of the right-hand member, and single animals with 
lesions (males only). All animals are included in which the techniques were 
carried out successfully and which were not lost from intercurrent causes. The 
individual data have been given for the parabiotic animals, and mean values 
only for the single animals. Males and females are grouped separately. Tables 
5 and 6 give other measurements as mean values for the groups. 
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Body weight. The normal findings in parabiotic animals have already been 
mentioned. When hypothalamic lesions were made in one member of a pair 
they led, as in single animals, to a great increase in the weight of that animal. 
The partners of animals with lesions weighed less, on average, than members of 
normal parabiotic pairs. Where pairs with lesions in one member could be 
compared individually with litter-mate pairs which had weighed approxi- 
mately the same at the time of the operation, the partners of the animals with 
lesions always weighed less at death than the members of the normal pairs. 
Also, assuming that the members of the operated pair were of equal weight at 


TaB_E 3. Post-mortem body weights and fat contents of male animals 


Body weight Fat 
Age at (g) (% body weight) 
Serial death r A. A —, 
no. (months) L R L R 
Normal single rats 72 327 12-4 
(mean of 14) 
Normal parabiotic l 6-8 234 206 8-3 6-5 
pairs 76 276 282 6-1 6-1 
6 5-1 182 203 6-1 5-6 
69 8-0 275 319 8-0 8-5 
80 4-4 221 197 5-1 5-4 
mean of 5 6-4 238 241 6-7 6-4 
Parabiotic pairs with 12 4-9 161 347 2-1 52-2 
lesions in right-hand 14 8-2 185 412 2-1 50-8 
rat (average age at 49 8-6 220 525 1-7 45-2 
operation 50 months) 58 75 236 600 2-1 49-8 
60 75 182 488 1-2 49-4 
66 8-7 236 394 1-6 41-2 
79 6-9 217 475 10 47-9 
85 8-6 242 507 0-6 51-3 
mean of 8 76 210 469 16 48-5 
vo rats with lesions 7-6 501 49-4 
average age at opere- 
tion 4-7 months) 
(mean of 8) 
TaBLE 4. Post-mortem body weights and fat contents of female animals 
Body weight Fat 
Age at (g) (% body weight) 
no (months) L R L R 
Normal single rats 6-9 197 16-5 
(mean of 4) 
Normal parabiotic 26 6-4 151 154 9-7 7-6 
pairs 43 8-1 179 174, 10-1 9-1 
44 7-4 162 191 6-7 6-9 
55 8-6 190 184 14-4 14-5 
82 6-1 176 157 8-5 7-0 
mean of 5 73 172 172 9-9 9-0 
Parabiotic pairs with 8 5-0 107 307 3-4 65-8 
lesions in right-hand 42 8-1 174 381 5-1 41-2 
rat (average age at 54 8-6 143 362 1-1 48-6 
operation 5-3 months) 56 6-9 166 315 2-8 35-0 
81 6-1 147 395 4-2 57-1 


mean of 5 6-9 147 352 3-3 49-5 
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the time of the operation, in most instances the partners of the animals in 
which lesions were made evidently lost weight after the operation (Text-fig. 2). 

Fat content. In unoperated parabiotic pairs the two members contained 
approximately equal percentages of fat. The average percentage of fat found 
in normal parabiotic animals was of the order of half that found in single 
animals of the same sex. Where parabiotic animals could be compared in- 
dividually with single litter-mates, an approximately 1:2 relation was found, 
within a scatter of 1-2% of fat. The parabiotic animals in which effective 
lesions had been made showed greatly increased fat percentages, similar to the 
levels found in single animals with lesions. The partners of animals with lesions 
were found to contain very low percentages of fat, in keeping with their 
naked-eye appearance. This effect appears to have been a little more marked in 
male than in female animals. In both sexes the range of fat percentages found 
in the partners of animals with lesions did not overlap the range for normal 
parabiotic animals. 

Body length. Members of normal parabiotic pairs were evidently smaller in 
skeletal measurements as -well as lighter and thinner than single animals. 
Hypothalamic lesions had no clear effect on body length. This might be 
expected since the animals were usually nearly full-grown when the lesions 
were made. 

Contents of the alimentary tract. It is reasonable to suppose that the amount of 
the contents of the alimentary tract would bear some relation to the turnover 
of food. The contents of the alimentary tracts of normal parabiotic pairs were 
a little less than the amounts found in single animals. The animals with hypo- 
thalamic lesions showed much increased contents; their partners gave figures 
slightly lower than those for members of normal pairs. Measuring the contents 
of the alimentary tract as a whole may have minimized these differences. At 
post-mortem examination the emptiness of the stomachs of the partners of 
animals with lesions was very striking. The small intestines also appeared to be 
comparatively empty, but the caeca and colons of these animals contained 
quite large amounts of rather dry material. If the contents of the stomachs 
alone had been measured the differences between the groups might have 
been more marked. 

Composition of the fat-free bodies. The mean weights of the fat-free portions 
of the bodies showed differences between the groups generally in the same 
direction as the differences in whole body weight but less marked. The animals 
with hypothalamic lesions evidently only gained small amounts of fat-free 
tissue compared with their large gains of total weight. The partners of animals 
with lesions showed small losses of fat-free weight, in comparison with control 
pairs. The percentages of water in the fat-free tissue, together with the small 
number of nitrogen analyses, show no evidence of any differences between the 
groups in the composition of the fat-free parts of the body. 
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Weights of individual organs. The livers of normal parabiotic animals on 
average weighed less than the livers of normal single animals, but there was a 
good deal of variation. The livers of animals subjected to hypothalamic lesions 
showed a substantial increase in weight; their partners’ livers on average 
weighed a little less than the livers of normal parabiotic animals. The weights 
of the hearts and kidneys showed differences in the same direction as the 
weights of the livers, but less marked, and with the exception that the hearts 
of the partners of animals with lesions were not reduced in weight. 


In three parabiotic pairs hypothalamic lesions were made in the left-hand 
animals when these had become obviously thin, after earlier lesions in the 
right-hand animals. All three pairs were males, and the intervals between 
the two hypothalamic operations were 24-3} months. In the first pair, 
the newly operated animal ate avidly as soon as food was offered; before the 
operation it had shown no interest in offered food. Unfortunately, however, 
it then choked, and, despite attempts at treatment, died a day later with, 
apparently, inhalation pneumonia. Food and water were withheld from the 


second pair during the remainder of the day and the night following the — 


second operation. The newly operated animal died during the night. It had 
previously shown marked overactivity, alternating periods of running round 
the cage with lying immobile, and it may have died from exhaustion. The 
third pair survived the post-operative period, and were killed some 2 months 
later. After the operation the weight of this pair increased rapidly. At death 
the fat contents of the carcasses were: left-hand animal, 22-4%; right-hand 
animal, 48-5°%. Both animals had fairly heavy livers and alimentary tract 
contents. The lesion on one side of the left-hand animal’s brain was displaced 


about 0-5 mm from the optimum position. An unoperated single litter-mate 
contained 8-1 %, of fat. 


DISCUSSION 


It is known that appropriately placed lesions in the hypothalamus will cause 
hyperphagia and obesity in single animals. Lesions made by the same technique 
produced essentially similar results in rats which were members of parabiotic 
pairs. The partners of the animals with lesions became underweight and thin. 
The immediate cause of this was, almost certainly, that they ate less. Observa- 
tion during life suggested that they were eating little, and the small livers and 
amounts found in the alimentary tracts after death are evidence in the same 
direction. Also, larger amounts of nutrients than normal were presumably 
circulating in the animals which were overeating and laying down fat, of 
which some portion would have been carried by the cross-circulation to the 
partners; the partners would therefore have been expected to gain weight if 
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they had not eaten less. The only alternative explanations to reduction in food 
intake would appear to be (a) increased metabolism, or (b) some sort of sucking 
in of nutrients by the tissues of the obese animals. The thin animals did not 
show any visible increase in activity. The finding of similar weight gains per 


unit of extra food eaten in single animals and pairs also does not support a 


suggestion that there was an appreciable increase in metabolism in the un- 
operated members of the pairs. On either of these explanations, moreover, 
the left-hand animals might have been expected to show a visible increase in 


food intake in response to the loss of nutrients. 


If the unoperated partners did eat less, it may be suggested that thisin turn was 
due to the action of an internal, hypothalamic control of feeding. The possibility 
that the animals with lesions interfered with their partners’ feeding in some non- 
specific way is difficult to exclude entirely, but observation of the animals did 
not support it. Overactivity only lasted for 1 day, and thereafter no behaviour 


likely to interfere with the partners’ feeding was seen. Furthermore, if the 
_ partners were being prevented from eating by external interference, it would 
have been expected that when held in the hand and offered food they would 


have shown signs of hunger. 

The results of placing lesions in the hypothalami of the partners after they 
had become thin provide further evidence on the same point. Two of the 
animals in which this was done began to eat when their hypothalami had been 
damaged (the third had no opportunity to eat). The fact that the right-hand, 
previously operated, animal in the pair which survived did not apparently 
lose fat may also be significant. This result would be expected if loss of fat 
after a partner’s operation depended on the hypothalamus; but not if it 
depended on external interference with feeding, for rats with chronic hypo- 
thalamic lesions are sensitive to any deterrents to feeding (Kennedy, 1953a). 

It is therefore suggested that the partners of animals with lesioris most 
probably became thin because their own hypothalamic controlling centres 
reduced their intakes of food. If this is correct, these centres appear to have 
responded to some change which took place in animals attached in parabiotic 
union, when these had been made hyperphagic and obese. This implies that 
some influence or ‘information’ from an overfed body can affect an intact 
hypothalamus in such a way that feeding is reduced. On this interpretation, 
therefore, the experiments demonstrate what in a normal single animal would 
constitute a feedback system. The results also imply that the information 
reaches the hypothalamus in some form which is capable of crossing through 
the parabiotic union. 

At least three suggestions have been made as to the possible nature of the 
information on which the centres governing long-term regulation of food intake 
act. Kennedy (19535) has suggested that adjustment of feeding is made in 
relation to the amount of stored fat in the body, and that the controlling 
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centres in the hypothalamus may be sensitive to the concentration of some 
metabolite in equilibrium with stored fat. Mayer (1952) has suggested that 
the difference between the arterial and venous blood levels of glucose is the 
important factor, though he has also (1955) given Kennedy's suggestion a 
place in his scheme. Brobeck (1948; 1957) has suggested that a rise in tempera- 
ture after eating is the signal for cessation of eating, and that the regulation 
of feeding is therefore part of the control of body temperature. 

The present results seem to fit in most easily with Kennedy’s suggestion. 
The partners were found to be thin when a great excess of fat was present in 
the bodies of the animals subjected to hypothalamic lesions; and this excess 
of fat is the most obvious and permanent abnormality which has been found in 
animals with lesions. An indicating metabolite could cross through the para- 
biotic union, provided that it was a substance slowly metabolized or excreted 
in the recipient animals. Substances with a rapid metabolic turnover, how- 
ever, cannot produce effective concentrations in the recipient members of 
parabiotic pairs (Huff, Trautmann & Van Dyke, 1950). With regard to the 
glucose theory, even large disturbances of blood glucose in one animal of a 
parabiotic pair do not affect the other (Fleming & Nugent, 1957), and the 
alterations in glucose levels found after hypothalamic lesions are small (Bro- 
beck, Tepperman & Long, 19435; Mayer, Bates & Van Itallie, 1952; unpub- 
lished personal measurements). There appears to be no evidence as to how far 
changes in temperature in one animal of a parabiotic pair affect the other. 
Both ‘glucose’ and ‘temperature’ hypotheses appear to face two general 
difficulties, where they are concerned with the adjusting of the intake of food 
to the expenditure of energy over long periods of time. First, in so far as a 
quantity is stabilized by regulating mechanisms of its own, it provides less 
information for other purposes (Ashby, 1956). Both blood glucose and body 
temperature have their own regulating mechanisms. Secondly, since succes- 
sive transient deviations in sugar or temperature levels from the normal do 
not, as far as is known, produce a cumulative change in the body, the regu- 
lating centres must be supposed to have a perfect ‘memory’ for such changes 
(i.e. they would have to integrate fluctuations with mathematical accuracy 
throughout life), or long-term drift in energy balance would occur (Kennedy, 
1953a). In the present experiments there was no indication that the thin 
animals began to recover their fat when the animals with lesions reached the 
static phase of hypothalamic obesity. Since in this phase the intake of food 
falls to near-normal levels (Kennedy, 1950), there is a suggestion here that the 
loss of fat in the partners depended on some maintained change in the operated 
— bodies, and not on transient changes immediately related to food 
intake. 

Finally, the suggestion that the amount of body fat in one parabiotic 
animal may have influenced the feeding of the other may possibly be relevant 
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to the findings in normal parabiotic pairs, in which both hypothalami were 
intact. It was observed that the members of normal pairs each contained a 
percentage of fat of the order of half that found in comparable single animals. 
Although there are difficulties in visualizing an exact mechanism, it seems 
logical to suggest that each animal’s hypothalamus may have been influenced 
by the fat in both bodies, and that feeding was being adjusted in each animal 
to hold constant the total fat in the two. It would follow from this that 
there would be a greater degree of hypothalamic inhibition of feeding in 
normal parabiotic animals than in normal single animals. This would be con- 
sistent with three observations made. (1) The rate of growth was reduced after 
parabiosis. (2) After hypothalamic lesions had been made, the total gains of 
weight and increases of food intake were as great in pairs as in single animals, 
although both quantities were initially at lower levels in pairs, and although 
both were apparently diminished in the member of the pair not subjected to 
lesions. (3) The incidence of post-operative choking suggests that voracity 
when the hypothalamic inhibition was removed may have been greater in 
parabiotic than in single animals. (Smaller capacity of the stomachs may, 
however, be sufficient to explain this.) 


SUMMARY 


1. Lesions have been made in the hypothalami of rats which were members 
of pairs joined in parabiossis. 

2. The animals in which the lesions were made showed hyperphagia and 
obesity. 

3. Their parabiotic partners with normal hypothalami became thin. Some 
of them died, or were killed when moribund. 

4. Lesions subsequently made in the hypothalami of two of the partners 
when thin caused hyperphagia. | : 

5. It is suggested that the partners with normal hypothalami became thin 
because they ate less; and that this in turn was due to a response on the part 
of their hypothalamic controlling centres to the operated animals’ overfeeding. 
The results may be evidence for a feedback control of food intake, and may 
throw some light on the information used in such a system. 


It is a pleasure to thank Professor R. A. McCance for inspiring this work and for continued 
advice and encouragement; Dr E. M. Widdowson, Dr G. C. Kennedy and other colleagues for 
much valuable discussion; and the Misses P. and S. Pledger for their help in looking after the 
animals, 
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EXPLANATION OF PLATES 
(All the plates are reproduced from colour transparencies) 
Normal pair of young adult parabiotic rats. 
PLaTE 2 
Parabiotic pair with hypothalamic lesions in one member (the left as seen in the photograph), 
after spontaneous death of the unoperated partner, approximately 2 months after the lesions 


had been made. 
3 
1, 2, Parabiotic pair, in which hypothalamic lesions were made in one member (1), approximately 
1} months before killing. 3, 4, Normal parabiotic pair, litter-mates to 1, 2; killed at the 


same time. 
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OXYGEN CONSUMPTION OF TADPOLES DURING 
METAMORPHOSIS 


By K. FLETCHER anp N. B. MYANT 
From the Medwal Research Council Experimental Radwopathology Research 
Unit, Hammersmith Hospital, London, W. 12 


(Received 13 August 1958) 


It is well known that thyroid hormone is necessary for metamorphosis in 
tadpoles. Since this substance causes an increase in the metabolic rate in 
mammals, it has often been suggested that the immediate cause of meta- 
morphosis in amphibia is an increase in tissue metabolism. Huxley (1922), 
for instance, has suggested that the thyroid causes an increase in the rate of 
metabolism of all the tissues and that in these conditions certain organs 
develop whereas others are caused to atrophy. 

Several workers have tried to determine whether the rate of metabolism 
changes during metamorphosis, but their results have been contradictory. 
Abelin & Scheinfinkel (1923) found that CO, output usually fell during meta- 
morphosis of Rana esculenta. Helff (1926) found that O, consumption per 
gram wet weight increased in tadpoles of Rana pipiens during metamorphosis 
induced by treatment with diiodotyrosine. Etkin (1934), however, found no 
change in O, consumption per gram wet weight in Rana catesbeiana during 
spontaneous metamorphosis. When the 0, consumption was expressed per 
gram dry weight he found a marked fall throughout metamorphosis. 

Recently Bruice, Winzler & Kharasch (1954) have shown that certain 
analogues of thyroxine (T,) (notably {[3:5-diiodo-4-(3’:5'-diiodo-4’-hydroxy- 
phenoxy)-phenyl}propionic acid (T,P)) are many times more potent in inducing 
metamorphosis than is thyroxine itself. This finding suggested a new approach 
to the problem of how O, consumption is related to metamorphosis. If, in fact, 
thyroid hormone increases 0, consumption in tadpoles, and if this is the 
cause of metamorphosis, it should be possible to show that analogues such 
as T,P have a greater effect than thyroxine on 0, consumption in tadpoles. 
We have measured the O, consumption of tadpoles of Xenopus laevis (the 
African clawed toad) and of Rana temporaria during metamorphosis, either 
induced by L-thyroxine, u-triiodothyronine (T;) or T,P, or occurring spon- 
a In the course of this work we were led to study the changes in O, 
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consumption and in water content of tadpoles from the first day after hatching 
until the end of their development. A few observations were also made on 


newly hatched tadpoles of the common English toad (Bufo vulgaris). Finally, — 


we studied the effect of changes in the environmental temperature on the 0, 
consumption of Xenopus tadpoles. 


METHODS 

Rearing of tadpoles. Six batches of Xenopus tadpoles were obtained from three pairs of toads. 
The toads were kept in glass tanks at 23° C and fed on fresh chopped liver. A few days after 
mating, the male and female were separated and the male was given 200 u. of Pregnyl (gonado- 
trophinum chorionicum; Organon Laboratories) by injection into the dorsal lymph sac. Three 
days later the male was given a second injection of 100 u. of Pregnyl and the female 400 u. 
They were then put together in a wire cage immersed in a 50 1. glass aquarium. As soon as spawn 
appeared, the adults were removed and the spawn was left to hatch. The tadpoles were kept at 
23° C and were fed daily on a mixture of 2 parts powdered liver and 1 part dried yeast passed 
through a 100-mesh sieve. Tadpoles weighing more than about 200 mg were usually taken from 
the main stock and kept singly in 11. Perspex tanks. __ 

Two batches of frog tadpoles (Rana temporaria) were taken from a garden pond, one in May 1957 
and the other in June 1958. They were kept in aquaria at 23° C and fed on chopped liver. Tad- 
poles of the common English toad (Bufo vulgaris) were hatched and reared in glass beakers from 
spawn taken from a pond. They were fed on pond weed. 

Treatment with hormones. Tadpoles were treated with thyroxine or its analogues by keeping 
them for 3 days, either singly or in groups, in 250 ml. of a solution of the substance in distilled 
water. The jars containing the tadpoles were kept at 23° C by standing them in the main aquari- 
um, The tadpoles were fed during the treatment. 

Measurement of oxygen consumption. When the total weight of the sample of tadpoles was less 
than about 200 mg, the O, consumption was measured in Barcroft micro-respirometers. The flasks 
containing the tadpoles were modified by removal of the centre well, and the CO, absorber placed 
in the side arm. When the total weight of the tadpoles was more than 200 mg, the O, consumption 
was measured in the Warburg apparatus. In either case, the tadpoles were sucked into a glass 
tube and pipetted into a weighed dry flask. Enough distilled water was then added to the flask 
to give a final volume of about 1 ml. in the Barcroft flasks and about 4 ml. in the Warburg flasks. 
The voluine of water plus tadpoles was then found by weighing. The oxygen consumption was 
measured at 23° C, unless otherwise stated. The rate of shaking was 105 times/min; the gas phase 
was air. At the end of the measurement the tadpoles were weighed on a watch-glass after the 
visible water had been removed rapidly by blotting with Kleenex tissue. They were then either 
replaced in their aquarium or dried during the night on the watch-glass at 96° C. 

For measurement of the Qo, of tadpole liver, the livers were dissected out and placed at once in 
ice-cold frog Ringer’s solution. When enough livers had been accumulated, the 0, consumption 
of groups of 20 livers was measured in duplicate in the Barcroft apparatus. The livers were then 
blotted and weighed. 


RESULTS 
Tadpoles of Xenopus laevis 
Normal development of Xenopus tadpoles. Under the conditions of these 
experiments the age at metamorphosis varied in each batch of tadpoles. 
Usually nearly a quarter of the batch stopped growing when the weight of each 
was about 30 mg. These did not metamorphose at the normal time and were 
rejected when about 4 weeks old. Spontaneous metamorphosis usually began 
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between the 12th and 16th weeks after hatching and in most cases was com- 
pleted within 14 days. During metamorphosis, in addition to the development 
of the limbs and the atrophy of the tail, there is a marked lateral shrinkage of 
the head caused by loss of the transparent material on = side of the mid 
line (Deanesly & Parkes, 1945). 

For descriptive purposes we have divided chia into seven stages 
which can be distinguished by naked eye examination: 

O. Before metamorphosis. 
I. Moderate growth of hind limbs; total length of hind limbs about 

5 mm. 

Fully formed hind limbs; claws visible on digits; limbs used for 
swimming. 

. Forelimbs just erupted but not mobile. 

Forelimbs mobile; shrinkage of head commencing; tail unchanged. 

. Atrophy of tail beginning. 

. Toad-like head and body; tail stump shorter than body. 

VIL. Tail disappeared. 

Oxygen consumption during spontaneous development. Observations were 
made on the O, consumption of normally developing tadpoles. In order to 
calculate the O, consumption per milligram dry weight without killing the 
tadpole, it was necessary to know the ratio of dry to wet weight. The dry and 
wet weights were therefore measured in groups of tadpoles from the first day 
of hatching until the end of metamorphosis. Fig. 1 shows the weights from a 
single batch of tadpoles. The wet weight increased from the first day until 
metamorphosis began. Owing to the increasing divergence in the weights of 
individuals from the same batch, values obtained after 60 days are not in- 
cluded in this figure. However, serial observations made on individual tad- 
poles, kept alive for study throughout metamorphosis, showed that the wet 


_ weight continued to increase until the beginning of metamorphosis and that it 


then began to decrease shortly afterwards (Fig. 2). In different tadpoles the 
wet weight at the beginning of metamorphosis varied between about 300 and 
700 mg. 

In contrast to the wet weight, the dry weight remained more or less con- 
stant until the 5th day, after which it began to increase. The early increase in 
wet weight without any change in dry weight led to a rapid fall in the dry 
weight: wet weight ratio from a value of about 20% at the first day to 5% by 
the 10th day. From the 10th day until metamorphosis began the ratio re- 
mained roughly constant. At metamorphosis, the dry weight: wet weight 
tatio began to increase during the stage of body shrinkage, reaching a value of 
about 12% by the end of metamorphosis (Fig. 3). 

The 0, consumption per milligram wet weight (qo, (wet)) was measured in 


tadpoles at different stages of normal development from the asa of = 
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Fig. 1. Xenopus tadpole hatched from a single batch of spawn: wet and dry weights. Values 
for the first 10 days are averages of ten or more tadpoles; from 11 to 30 days groups of three 
to six were taken; thereafter, single tadpoles were taken at random. 
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Fig. 2. Single Xenopus tadpoles during normal metamorphosis: wet weight, 0, consumption in 
pl./mg wet weight/hr and in pl./mg dry weight/hr. Stages of development shown along the 
top of the figure; zero time = time at which the tadpole was separated from the main tank. 
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until the end of metamorphosis. During the first 30 days several tadpoles 
were used for each measurement. Thereafter measurements were made on 
single tadpoles. On the first day the 0, consumption was a little under 0-60 yl./ 
mg/hr (Fig. 4). During the first 10 days it fell to under 0-20 pl./mg/hr. From 
then until the 60th day it remained within the range 0-10-0-20 pl./mg/hr. 
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Fig. 3. Xenopus tadpoles: dry weight as a percentage of wet weight at different stages of normal 
development. Values not given after 70th day as tadpoles began to metamorphose at this 
time; stages of metamorphosis shown on arbitrary time scale. 


There was no evidence of a rise during the week or two before or during 
metamorphosis. 

In most cases the O, consumption per milligram dry weight (Qo, (dry)) was 
estimated directly (Fig. 4). Fig. 4 also shows values for the Qo, (dry) esti- 
mated from the qo, (wet) and the average of the dry weight: wet weight ratios 
shown in Fig. 3. During the first 5 days there was a marked increase in the 
Qo, (dry) from 2-0 yl./mg/hr to a maximum of 9-0 l./mg/hr.The Qo, (dry) 
then fell rapidly, reaching a value of about 3-0 yl./mg/hr between the 10th 
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and 20th days. Thereafter it remained constant until metamorphosis. During 
metamorphosis there was a fall in Q,, (dry) to about 1°8 yl. /mg/hr by stage VI. 

In a few experiments serial measurements were made on single individuals 
from about the 60th day until the end of metamorphosis. The qo, (wet) was 
determined directly; the Qo, (dry) was estimated from the qo, (wet) and the 
dry weight: wet weight ratios of Fig. 3. The repeated weighings necessary in 
these experiments resulted in the death of many tadpoles before they had 
completed metamorphosis. However, more or less complete observations 
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Fig. 4. Xenopus tadpoles: O, consumption in yul./hr/mg dry and wet weight from day of hatching 
until end of metamorphosis. O, Qo, (dry) estimated directly; +, Qo, (dry) estimated from 
qo, (wet) and dry weight: wet weight ratios shown in Fig. 3; @, qo, (wet). 


were made on six tadpoles. Fig. 2 shows a typical result. The wet weight in- 
creased until stage II of metamorphosis and then fell until the tadpole died in 
stage IV. The qo, (wet) showed no consistent change, but the Qo, (dry) fell 
during metamorphosis from 2-4 to 1-3 yl./mg/hr. 

Metamorphosis induced by thyroxine. When metamorphosis was induced 
prematurely by treatment with thyroxine or its analogues the order of events 
was different from that seen during spontaneous metamorphosis and the time 
spent at each stage was much shortened. The first changes observed were 
usually an increase in skin pigmentation and a marked shrinkage of the head 
and body. Often the forelimbs erupted before the hind limbs had increased 
in size, 


Oxygen consumption during treatment with thyroxine analogues. Preliminary 
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_ experiments were carried out to determine suitable doses of each substance to 
be tested. The tadpoles were treated for 3 days and then put back into dis- 
tilled water. On the 5th day their appearance was observed. It was found 
that if groups of ten 35-day-old tadpoles were kept in the solution for 3 days, 
shrinkage of the body occurred in all of them, and eruption of the forelimbs 
in more than half, when the concentration of T, was 0-004 mg/100 ml., of T, 
0-002 and of T,P 0-0004. No attempt was made to determine the relative 
potencies of the three analogues. However, during the preliminary experi- 
ments it was found that T, at a concentration of 0-0004 mg/100 ml. had no 
effect. To this extent, therefore, our results agree with the conclusion of 
Bruice et al. (1954) that T,P is more potent than T, in inducing metamorphosis 
in tadpoles. 

For the experiments on O, consumption, six groups of ten tadpoles, matched 
for size, were selected from the main tank and placed in separate beakers con- 
taining 250 ml. of distilled water. The O, consumption per milligram wet 
weight of each group was then measured in the Warburg apparatus. After 
the tadpoles had been put back into their beakers, appropriate amounts of 
the three analogues, each dissolved in 1 ml. of dilute Na,CO,, were added. Two 
beakers each received 0-004 mg T,, one received 0-002 mg T,, and one 0-0004 mg 
T,P. The other two were each given 1 ml. of the alkaline solution used for 
making up the doses. At the end of the 3rd day the water in all the beakers 
was replaced by fresh distilled water. 

The qo, (wet) of each group of tadpoles was <a on the 3rd, 6th, 10th 
and 14th days. The weight of the untreated tadpoles increased and the qo, 
remained fairly constant. All the treated tadpoles showed a marked and con- 
tinuous fall in wet weight and qo, (wet) (Fig. 5). These changes had already 
begun by the 3rd day. 

In order to make sure that an early rise in O, consumption had not been 
missed, another experiment was carried out in which 0, consumption was 
measured at 4 hr, and at 2 and 5 days from the beginning of treatment with 
T, (0-004 mg/100 ml.). Three control and three treated groups were used, each 
group containing six tadpoles. There was no evidence of a significant increase 
in the qo, (wet) of the treated tadpoles (Table 1). 

Effect of temperature on oxygen consumption. One of the functions of the 
thyroid in mammals is generally considered to be that of enabling the animal 
to adapt to reduction of the environmental temperature by an increase in 
oxidative metabolism. The absence of any increase in the 0, consumption of 
tadpoles treated with thyroxine, or of those undergoing spontaneous meta- 
morphosis, is difficult to reconcile with the view that the thyroid has a similar 
role in tadpoles. 

In order to test whether the thyroid influences the response of Xenopus 
tadpoles to changes in environmental temperature, the effect of temperature 
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on QO, consumption was studied in normal and thiouracil-treated tadpoles. 
Two batches of tadpoles were used. At about 40 days after hatching they 
were divided into two groups, each group being kept at 23° C in a separate 
tank. The water in one of the tanks contained propyl thiouracil (0-03%); 
otherwise the conditions in the two tanks were identical. Two weeks later, 
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Fig. 5. Untreated Xenopus tadpoles: wet weight (@—@) and O, consumption (@---@). The 
same, after treatment for 3 days with T, (0-004 mg/100 ml.) (©); T, (0-002 mg/100 ml.) 
(A); or (0-0004 mg/100 ml.) 


TaBxz 1. Effect of u-thyroxine (0-004 mg/100 ml. for 3 days) on O, consumption (yl. O,/mg wet 
weight/hr) of Xenopus tadpoles at 4 hr, 2 days and 5 days after beginning of treatment 


Before 

treatment 4hr 2 days 5 days 

Control 1 0-160 0-135 0-147 0-149 
2 0-158 0-153 0-159 0-147 

3 0-150 0-140 0-140 0-129 
Treated 1 0-138 0-140 0-127 0-092 
2 0-150 0-127 0-121 0-101 

3 0-218 0-187 0-140 0-071 


groups of four to six tadpoles were taken from each tank and kept for 4 days in 
_ 250 ml. beakers at temperatures ranging from 15 to 30° C. During this period 
the treated tadpoles were kept in the propyl thiouracil solution and the normal 
tadpoles in distilled water. After 4 days at the appropriate temperature the 
O, consumption was measured in each tadpole. The measurements were made 
with the water-bath at the same temperature as that used during the 4-day 
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period of treatment. At the end of the experiment, some of the thiouracil- 
treated tadpoles were kept in the solution of propyl thiouracil for 4 months. 
None of them showed any signs of metamorphosis during that time. 

The results from both groups of tadpoles showed a more or less linear 
relationship between qo, (wet) and the temperature of the water, the qo, 
rising by about 0-02 yl./mg wet weight/hr for each rise of 1° C (Fig. 6). The 
values from both groups were distributed at random about the same curve. 
Statistical comparisons between the results at each temperature showed 
that the differences between the two groups were not significant. 


<= 030Fr 
= 
° 
° 
0-20 
= 
Be 
i i i 
5 10 15 20 25 30 
Temperature (°C) 


Fig. 6. Xenopus tadpoles with (@) and without (©) treatment with propyl thiouracil: 
effect of environmental temperature on O, consumption. 


Tadpoles of Rana temporaria 
As with Xenopus tadpoles, we have divided the metamorphosis of the 
normal Rana tadpoles into seven arbitrary stages: 
QO. Before metamorphosis. 
I. Lengthening of hind limbs. 
II. Long mobile hind limbs. 
III. Forelimbs bulging but not erupted. 
IV. Forelimbs erupted; frog-like hind limbs. 
V. Shape of head and body changing to frog-like form; tail beginning to 
atrophy. 
VI. Frog-like body and posture; tail stump less than half body length. 
Tail disappeared. 
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When metamorphosis was induced by T, or T,P the order of events was 
changed. The first change, apparent by the 3rd day, was a marked shrinkage 
of the body. This was followed by atrophy of the tail. At this stage the tad- 
poles usually became torpid and stopped eating. These effects were brought 
about by T, at a concentration of 0-004 mg/100 ml. and by T,P at 0-0004 mg/ 
100 ml. 

Changes in water content during metamorphosis. The ratio of dry to wet 
weight was measured in individual tadpoles before metamorphosis and at 
different stages of metamorphosis during normal development. In tadpoles 
showing no signs of metamorphosis the dry weight was 6-35 +0-29% of the 
wet weight. As metamorphosis progressed the dry weight: wet weight ratio 
increased, reaching a value of 13-75 + 0-52 % in the final stage (Table 2). 


TasLx 2. Dry weight as a percentage of wet weight at different stages of normal 


development in frog tadpoles 
Stage Dry: wet weight (%) Stage Dry: wet weight (%) 
0 6-35 + 0-29 IV 11-55 + 0-22 
I 8-59 + 0-90 V 12-63 + 0-47 
II 9-04 + 0-30 VI 13-2440-51 
Ill 10-82+0-21 Vil 13-75 + 0-52 


Oxygen consumption during normal development. Several measurements of 
the qo, (wet) were made on a few individual tadpoles undergoing spontaneous 
metamorphosis. In none of the tadpoles was there any consistent change in 
the values throughout metamorphosis. The Qo, (dry), estimated from the 
qo, (wet) and the dry weight: wet weight ratio, fell markedly. In the example 
shown in Fig. 7, the Qo, (dry) at the end of metamorphosis was less than half 
the value before metamorphosis. 

Observations were also made on individual tadpoles at different stages of 
development. In tadpoles taken before metamorphosis had begun, the qo, 
(wet) averaged 0-25 + 0-007 yl./mg/hr. There was no significant change at any 
stage of metamorphosis (Table 3). The Qo, (dry), estimated directly from the 
O, consumption and the dry weight, was 3-5+0-14 ul./mg/hr before meta- 
morphosis. At increasing stages of metamorphosis there was a fall in Q,,, 
(dry) to an average value of 2-3 +0-19 ml./mg/hr at stage VII. 

Oxygen consumption during treatment with thyroxine. To test the effect of 
T, and T,P, six groups of six tadpoles were taken at random. All of them 
either showed no signs of metamorphosis or had moderate hind limbs corres- 
ponding to stage I of metamorphosis. Two groups were treated with T, 
(0-004 mg/100 ml.), two with T,P (0-0004 mg/100 ml.), and two were kept as 
controls. The qo, (wet) was measured before treatment and on the 3rd day of 
treatment. The Qo, (dry) was measured at the end of treatment. The Qo, (dry) 


before treatment was estimated from the qo, (wet) and the dry weight: wet — 


weight ratios given in Table 2. In the control tadpoles (Table 4) there was a 


Ta 


Tar 


ii Ar. 
> 

by 

Fi 
ig. 


OXYGEN CONSUMPTION OF TADPOLES 363 


S Wet weight (mg) (+) 
Qo, (dry) (e) 


200 010 20F 


100 000 10 


Time (days) 
Fig. 7. Single frog tadpole during normal metamorphosis: wet weight, O, consumption in 
a a Zero time =time at which tadpole taken 


Tasie 3. Oxygen consumption per unit of wet and dry weight in frog tadpoles at different 


stages of development 
0, consumption (ul./mg/hr) 
Stage Wet weight Dry weight 

0 0-25+0-01 3-5+0-14 

I 0-23 + 0-004 2-7+0-20 
II 0-24+ 0-005 2440-13 
III 0-25+0-02 2-4+0-10 
IV 0-25 +4 0-02 2-2+0-09 
Vv 0-25+0-01 2140-17 
VI 0-25 -+0-01 2-4+0-11 
Vil 0:26+0-01 2-3+0-19 


Taste 4. Effect of t-thyroxine and tetra-iodothyropropionic acid on O, consumption (ul.O,/mg 
wet and dry weight/hr) and total weight of frog tadpoles 


Before treatment After treatment for 3 days 
a Wet weight Wet weight 
Go, (wet) Qo, (dry) (mg) Go, (wet) Qo, (dry) (mg) 
Contro! 1 0-196 3-090 1183 0-242 3-730 122-6 
2 0-244 3-850 132-2 0-272 3-920 136-5 
3 0-226 3570 130-2 0-230 2-340 133-3 
(0-004 mg/100 ml.) 4 0-222 3500 1338 0-260 2842 1222 
T 5 0-211 3-320 121-9 0-222 1-840 110-4 
(00004 mg/100 ml.) 6 0-262 4-130 134-7 0-304 2-740 101-7 
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slight increase in the wet weight, in the qo, (wet) and in the Qo, (dry). In all 
the groups of treated tadpoles the weight fell, the qo, (wet) increased slightly, 
but the Q,, (dry) fell to less than 70% of the value estimated from the q,, 
(wet) before treatment. 

Oxygen consumption of liver. During metamorphosis there are changes in the 
relative weights of many of the organs. In consequence, there might be a rise 
in the Qo, of some organs although the Qo, in the whole animal falls. It 
seemed desirable, therefore, to follow the Qo, in a single organ during meta- 
morphosis. Accordingly, observations were made on the O, consumption of 
the livers of frog tadpoles before, during and at the end of metamorphosis. 
Tadpoles at stages O, II, and VI were selected from the pond on the day of 
each experiment. There was no consistent change in the qo, (wet) in either 
experiment (Table 5), but in both experiments the Qo, (dry) fell as metamor- 


phosis progressed. 
Tass 5. O, consumption of frog tadpole liver at various stages of development 


(ul./mg dry and wet weight/hr) 
do, (wet) Qo, (ary) 
tage 
development 
0 0-365 0-474 1-020 1-790 
0 0-387 0-500 1-330 1-510 
II 0-341 0-378 0-936 1-060 
II 0-357 0-367 1-010 1-120 
0-333 0-343 0-911 0-996 
vi 0-328 0-400 0-921 0-950 


The Table shows the results of two experiments. Since the two sets of tadpoles were obtained at 
intervals of hatthed from batches of spews, all 
observations have been tabulated separately. 


Tadpoles of Bufo vulgaris 
Observations were made on a single batch of toad tadpoles during the first 
month from the day of hatching. Although the results differed quantitatively 
from those obtained with Xenopus tadpoles, the Qo, (dry) showed the same 
rise to a maximum during the first few days (Fig. 8). As with Xenopus tad- 
poles, the dry weight remained constant for the first 4 or 5 days, whereas the 
wet weight increased from the first day onwards. 


DISCUSSION 


When tadpoles of Xenopus and Rana are treated with thyroxine or its 
analogues there is a fall in O, consumption, whether this is calculated in 
terms of dry or of wet weight. Although the changes in 0, consumption during 
spontaneous metamorphosis are not so marked, the Qo, (dry) falls in the early 
stages and there is no evidence of an increase in the Go, (wet). During meta- 
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morphosis there is a net loss of weight and a fall in the proportion of water. 
There is, therefore, a loss of some body water without a concomitant loss of 
solids. Since the excess of water lost during metamorphosis presumably does 
not take part in metabolism, the Q,, expressed in terms of dry weight should 
give the more valid indication of the rate of metabolism of the animal’s tissues 
as a whole. The possibility that a rise in the 0, consumption of certain tissues 


Wet weight (mg) (+) 


Dry weight (mg) (A) _ 
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10 8610 
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Days after hatching 

Fig. 8. Tadpoles of Bufo vulgaris during first month after hatching: wet weight, dry weight, 
O, consumption in yl./mg dry weight/hr and in pl./mg wet weight/hr. 
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is masked by an increase in the proportion of slowly-metabolizing tissue is not 
supported by the observations on the Qo, of isolated livers. 

These findings agree with the observations of Etkin (1934) who failed to 
find a rise in the Qo, of Rana catesbeiana either immediately before or during 
metamorphosis. It must be concluded, therefore, that the action of thyroxine 
in causing metamorphosis in tadpoles is unrelated to its effect on the O, con- 
sumption of mammals. This conclusion was also reached many years ago by 
Kendall (1919) who showed that acetyl thyroxine induces metamorphosis in 


. tadpoles although it has no action on O, consumption in mammals. 


nall | 
atly, ! 
qo, 
the 
rise 
It 
eta- 4 
n of 
y of 
her 
; ‘ 3 
030 30F ¢ 30 
all 
‘st 
ly 
ne 
d- 


366 K. FLETCHER AND N. B. MYANT 


The failure of thyroxine to raise the 0, consumption of tadpoles is not easy 
to reconcile with its action in mammals. It has been suggested that thyroxine 
must be converted to an active form in mammals before it can exert its effects 
and it is possible that tadpoles cannot carry out this conversion. Another 
possibility is that the site upon which thyroxine acts, when causing an increase 
in O, consumption, is not accessible to the hormone in tadpoles. There is, 
however, no evidence for either hypothesis. 

The decrease in 0, consumption during metamorphosis is not necessarily 
caused directly by thyroxine, since tadpoles cease feeding during this period. 
This might result in a general slowing of tissue metabolism or in a reduction 
of the proportion of the animal's tissues taking part in respiration. If a change 
of this kind were sufficiently marked, it could account for the fall in O, con- 
sumption that follows treatment with thyroxine. 

The ability of mammals to maintain a constant body temperature in dif- 
ferent environments depends to some extent on the thyroid. Since thyroxine 
does not stimulate oxidative metabolism in tadpoles, a similar adaptive mechan- 
ism cannot be present in these animals. The observations summarized in 
Fig. 6 show that the metabolic rate of tadpoles, unlike that of mammals, 
varies directly with the temperature of the surrounding water, and that at a 
given temperature the metabolic rate is the same whether the tadpole has a 
functioning thyroid or not. It is probable that the tadpole’s temperature is 
the same as that of the surrounding water and that the metabolic rate at a 
given stage of development is directly determined by its temperature. This 
may be true of cold-blooded aquatic vertebrates in general, since the balance 
of evidence favours the view that the thyroid has no influence on the 0, 
consumption of fish (Lynn & Wachowski, 1951) or lampreys (Leach, 1946). 

These points raise the question as to the role of the thyroid in cold-blooded 
vertebrates. The effect of thyroxine on metamorphosis may be peculiar to 
tadpoles and unrelated to any of its other actions in higher animals. The rapid 
loss of water that follows thyroxine treatment in tadpoles suggests that the 
thyroid is in some way concerned in regulating the amount of water and 
electrolytes in the animal’s body. This is in agreement with a suggestion of 
Olivereau (1948) who has drawn attention to the seasonal changes in the size 
of the thyroid of fish which migrate from fresh to salt water. This action of 
the thyroid hormone may be earlier, from an evolutionary point of view, than 
the better known effect on O, consumption in warm-blooded animals. The 
action of thyroxine in causing a rapid excretion of water in myxoedematous 
humans is, perhaps, a survival of this primitive mechanism. If so, it is probably 
independent of the effect on oxidative metabolism. 

The O, consumption per unit wet weight during the first one to two weeks 
of development probably gives little indication of the rate of tissue metabolism, 
since the changes in water content are so marked during this period. In tad- 
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poles of Xenopus and Bufo the O, consumption per unit dry weight rises 
rapidly before the dry weight begins to increase. This suggests that inert 
material stored in the developing egg is converted to actively metabolizing 
tissue during the first few days after hatching. The subsequent fall in the Qo, 
(dry), at a time when the dry weight is increasing, could be explained by sup- 
posing that, when the tadpole begins to feed, some of the food is used for 
making materials which metabolize less actively. These might include inert 
stores and structural parts of the animal’s body. On this hypothesis, the con- 
stancy of the Q,, (dry) during the remaining period of growth would be 
expected if the proportions of active and relatively inactive materials remain 
constant until metamorphosis begins. 


SUMMARY 

1. Changes in weight and O, consumption were measured in tadpoles 
throughout normal development and after treatment with thyroxine and its 
analogues. 

2. During the first few days after hatching the total weight increases 
without increase in dry weight. At the same time, the O, consumption per 
milligram dry weight (Qo, (dry)) increases to a maximum. During the second 
week the dry weight begins to increase and the Qo, (dry) falls to a value which 
remains constant until metamorphosis begins. 

3. During metamorphosis there is a rise in the dry weight: wet weight ratio. 

4. The Qo, (dry) does not rise immediately before or during spontaneous 
metamorphosis. During metamorphosis induced by thyroxine the Qo, 
expressed either in terms of dry or of wet weight, decreases. | 

5. The Qo, (dry) of tadpole liver measured in vitro tends to fall during 
spontaneous metamorphosis. 

6. The thyroid has no influence on the temperature coefficient of O, 
consumption in Xenopus tadpoles. 


We wish to thank Dr J. Tata for the thyroxine analogue (T,P). 
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THE MINIMUM FLUX OF ENERGY DETECTABLE 
BY THE HUMAN EYE 


fF. H. C. MARRIOTT,* VALERIE B. MORRIS anp M. H. PIRENNE 
From the Unwersity Laboratory of Physiology, Oxford 


(Received 20 August 1958) 


The threshold for a steady, effectively point, source of light presented against a 
zero intensity background, which represents the smallest energy flux detectable 
by the human eye, has apparently not been recently determined. Walsh (1953) 
gives a value of 750 quanta/sec entering the eye. This value is based on the 
review of measurements made with white light published by Stiles, Bennett 
& Green (1937). It is calculated on the basis of photopic (cone) vision, and is 
intended to give a safe estimate rather than an absolute lower limit for the 
energy flux detectable (see Pirenne, 1956). Some authors have given lower 
values (see Table 2), but all these experiments were done many years ago, and 
the technique is sometimes open to criticism. 

Preliminary experiments were carried out with an apparatus in which the 
test field was about 1 m from the eye. Values of the order of 100 quanta/sec 
were obtained. However, very small light leakages in the apparatus would 
have invalidated the results, owing to the exceedingly low luminance of the 
test field. It was decided, therefore, to carry out experiments using a much 
brighter source placed at a considerable distance from the eye. Fortunately 
a light-proof tunnel over 40 m in length was available under the laboratory, 
and this was used for the experiments. 


METHODS 


The light source consisted-of a 12 V, 12 W tungsten filament opal bulb, mounted in a light-proof 
box and underrun at the constant voltage of 10-3 V. At this voltage the diaphragmed part of the 
bulb gave a luminous intensity of 1-2 cd at a colour temperature of 2440° K. The bulb was exposed 
through a diaphragm 1-9 cm in diameter, and at the distance used this subtended about 1-8’ of 
arc at the eye, An Ilford 604 colour filter, transmitting a band of wave-lengths centred at about 
0-52 (see Fig. 5, p. 43 in Denton & Pirenne, 1954) was mounted in front of the source. The 
intensity was controlled by neutral wedges (Ilford, colloidal carbon in gelatine). 

The source and colour filter were calibrated by the National Physical Laboratory. The wedge 
densities were measured by comparison with sector disks (Pirenne, Marriott & O'Doherty, 1957). 
The energy values were calculated as explained in Pirenne et al. (1957). 

1 * Nuffield Biological Scholar. 
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The subject sat at a distance of 36-9 m (Subject P.E.H. at 36-7 m) and viewed the source with 
his right eye, using a circular artificial pupil 2-1 mm in diameter. The position of the head was 
fixed by a dental impression. The light was exposed for 15 sec periods. 

A red fixation point about 7° from the source was used to give an idea of the position of the test 
light. The subject did not attempt to maintain fixation, and the fixation point was usually covered 
during the test exposure. The subject had been dark-adapted in complete darkness for at least 
half an hour before the experiment. 


The threshold was determined by the method described in detail by H. K. Hartline and P. R. 


MacDonald (Pirenne et al. 1957). This gives a value corresponding to about 50% seen. In these 
experiments, however, the range of uncertain seeing was not large, amounting as a rule to about 
0-3 log. unit. 

The subject indicated that he was ready for each exposure and was then told when the light 
was uncovered and covered again. Exposures were presented in groups of six or seven at intensity 
steps of 0-2 log. unit, this range covering intensities which were never seen and intensities which 
were always seen. The different intensities were presented in random order, and one ‘blank’ was 
included in each group—the subject being given the usual signals for ‘on’ and ‘off’ but no light 
being in fact shown. Blanks were never reported ‘seen’ except in the one instance shown in 
Table 1. The groups were given in pairs 0-1 log. unit apart, so that each pair of groups consisted 
of 12-14 exposures at intervals of 0-1 log. unit and two blanks. 


RESULTS 


Table 1 shows the results of seven measurements of the threshold energy flux. 
The second column shows the energy flux passing through the pupil, in ergs x 
10-"*/sec. The third column gives this energy as equivalent quanta of 0-507, 
taking account of the relative scotopic efficiencies of the different wave- 


Threshold 
f Equivalent 
quanta (0-507 
Subject Ergs x 10-"/sec per second 
M.H.P. 5-2 120 
V.B.M. 6°5 150 
V.B.M. 6-2 144 
ACC, 3-8* 89* 
ACL, 4:3 100 
F.H.C.M. 47 109 
P.E.H. 4-0 92 


lengths in the band transmitted by the filter. The quantum of light of wave- 
length 0-507, the wave-length giving maximum scotopic efficiency, has energy 
3-92 x 10-¥ ergs. The third column is obtained from the second by dividing by 
this value and multiplying by a factor (0-906) to correct for the relative 
scotopic efficiencies of the wave-lengths transmitted. 

Each of the values in columns two and three is the mean of about six groups 


of exposures at 0-2 log. unit intervals. The standard error of each value is 
roughly + 6%. 
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DISCUSSION 


Table 2 gives the results of previous determinations of the threshold energy 
flax. Only investigations in which a narrow spectral band was used have been 
included. 

The first investigation of the problem was made in 1889 by Langley (1889), 
using a narrow band from the solar spectrum. His definition of threshold, 
‘a light which is observed to vanish and reappear when silently occulted and 
restored by an assistant without the observer’s knowledge’, would give rather 
a higher value than the definition used in the present paper—a light near 
‘threshold’ as defined in our experiments is not continuously visible. 


TABLE 2 
Mean effective Threshold 
wave-length 
Author Ergs x 10-"/sec Quanta/sec 

0-55 56 1600 
von Kries (1907) and Eyster 0-507 5-6 140 
Chariton & Lea (1929) 0-5 5-9 150 
Barnes & Czerny (1932) 0-53 — 80-150 


Von Kries and Eyster (von Kries, 1907) appear to have used a technique 
very close to that which would be used in the best experiments to-day. Their 
value is within the range given by our subjects. 

Chariton & Lea (1928) were mainly concerned with the perception of flashes, 
and concluded ‘for longer flashes the limit approaches the value of 200 quanta’. 
In fact, the longest flashes used were 1 sec, giving a threshold value of 150 
quanta. 

Barnes & Czerny (1932) used a spectral band, mainly between 0-50 and 
0-55, considerably broader than that used for our experiments. Their method 
of presentation involved several point sources viewed simultaneously, with no 
system of fixation. 

Apart from Langley’s result of 70 years ago, these authors all give values 
close to those obtained in our experiments. 

Hecht, Shlaer & Pirenne (1942) found a threshold for 0-001 sec flashes of 
50-150 quanta, using a field 10’ of arc in diameter placed 20° from the fovea. 
Possibly a somewhat lower value might have been found at 10° (Stiles & 
Crawford, 1937). Barnes & Ozerny (1932) give 40-90 quanta. Thus the energy 
required for perception of.g flash is 50%, or more of the energy per second for 
perception of a continuously exposed small source. __ 

Graham & Margaria (1935) suggest that the threshold flux for a field : of 
arc in diameter placed 15° from the fixation point becomes constant for times 
over 0-5 sec at a value about six times the flash threshold energy per second. 


However, they did not use exposures longer than 0-5 sec for this a the 
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position of the asymptote is not very well determined. Our result, a threshold 
flux for long exposures of about twice the flash threshold energy per second, 
does not agree with their conclusion, but the conditions were not identical. 
Graham & Margaria were maintaining fixation throughout the exposure time, 
whereas in our experiments the eye was free to move. This may have made it 
possible to use the most sensitive parts of the eye, and altered the conditions 
for summation. It is well known that complicated phenomena take place 
under conditions of prolonged fixation (see e.g. Pirenne ef al. 1957, pp. 55-56). 

Barlow (1958), using a field 7-1’ of are in diameter 6-5° from the fixation 
point, found the threshold energy increased by only about a factor of 2 when 
the exposure time increased from 0-0085 to 0-930 sec. This suggests that much 
longer temporal summation is possible in this part of the retina, in which, how- 
ever, the flash threshold value may be higher (Stiles & Crawford, 1937). 

Accounts have been given elsewhere of the role of eye movements (Pirenne, 
1948, p. 73) and of the problems of physiological and probability summation 
(Pirenne et al. 1957, p. 49). The interpretation of the present experiments 
involves many complications, and it is not clear how the flash threshold, the 
summation time, and the threshold for long exposures are related. It is 
presumably necessary that at some time during the long exposure a number of 
quanta at least equal to that acting at the flash threshold should act upon the 
retina within the summation time, but this may not be a sufficient condition 
for a positive response. 

Suppose, for the sake of argument, the flash threshold is taken as 60 quanta, 
of which one-tenth act on the retina, and the 15 sec exposure time is regarded 
as consisting of 150 separate ‘flashes’ of 0-1 sec. This may be a reasonable 
approximation taking account of the duration of fixation pauses (0-1-0-3 sec), 
and a retinal summation time of 0-1 sec. Then a flux of 120 quanta/sec gives 
a mean of 1-2 quanta absorbed per ‘flash’, and from Poisson’s equation this 
leads to the expectation that in 80% of trials the necessary 6 or more quanta 
per ‘flash’ will not be absorbed in any one of the 150 ‘flashes’ of the 15 sec 
exposure. 

But the results of Table 1 show that 120 quanta/sec were seen in about 50% 
of trials, so it is likely that some units must be capable of summing over more 
than 0-1 sec. An increase to 0-13 sec is found to be sufficient. The calculation 
is rather sensitive to changes in the parameters, but the assumptions that only 
one supraliminal ‘flash’ is necessary for a positive response, and that the 
threshold for these elementary ‘flashes’ making up the 15 sec exposure time 
is the same as the threshold for an instantaneous flash with fixation presented 
to the subject at a known moment, would probably lead to an under-estimate 
rather than an over-estimate of the summation time. In any case, the theory 
underlying the calculations, at best, constitutes only an approximation to a 
highly complex situation. 
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SUMMARY 


1. Measurements were made of the threshold for an effectively point source 
of light continuously exposed. 

2. Using a spectral band centred at 0-52u, the threshold was about 
4-7 x ergs/sec. 

3. This is equivalent to about 100-150 quanta/sec of maximum scotopic 
efficiency (0-507 

4. This result is compared with earlier published results and with results * 
for the flash threshold for small sources. 


5. The temporal summing properties of the eye are discussed in the light of 
these findings. 


The apparatus used in these experiments was obtained through a grant from the Medical 
Research Council. One of the authors (V.B.M.) also received a personal grant from the Medical 
Research Council. 
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CENTRAL MECHANISMS IN PULMONARY OEDEMA 
OF NERVOUS ORIGIN IN GUINEA-PIGS 


By H. L, BORISON* anp B. A. KOVACS 


From the National Institute for Medical Research, 
Mill Hill, London, N.W.7 


(Received 21 August 1958) 


It has been known for more than 200 years that bilateral cervical vagotomy 
causes pulmonary oedema in guinea-pigs and rats. This phenomenon cannot 
be explained satisfactorily on the basis of peripheral effects of vagotomy. The 
many causes of pulmonary oedema and the complex problems concerned in 
resolving the relevant mechanisms have been reviewed recently by Visscher, 


» . Haddy & Stevens (1956). Considerable controversy has centred upon the role 


of the nervous system in the genesis of pulmonary oedema from a variety 
of causes. The consistent lethal pulmonary oedema following vagotomy in 
guinea-pigs provided a possibility of studying the role of various parts of the 
central nervous system in the development of this neurogenic type of oedema. 


METHODS 


The experiments were carried out on guinea-pigs of the M.R.C. strain weighing from 250 to 350 g. 
All operative procedures were made under ether anaesthesia and the following operations were 
performed on the central nervous system: (1) decerebration; (2) transection of the spinal cord; 
(3) removal of the spinal cord; (4) decapitation and (5) production of lesions in the ala cinerea. 
Bilateral vagotomy was performed at the mid-cervical level. Tracheotomy was carried out only 
when artificial ventilation was required. Decerebration was effected by removing the forebrain 
above the intercollicular level whilst the carotid arteries were temporarily occluded. The decere- 
brate animals were given 5% glucose in NaCl solution 0-9 % (w/v) subcutaneously in the amount 
of 5 ml./100 g body weight and they were kept under a heating lamp for about 24 hr before being 
subjected to other procedures. Spinal cord transection was performed at T8 or at C7 by inserting 
a spatula through the respective intervertebral space after the dura mater had been incised: 
the levels of cord transection were confirmed post-mortem. Removal of the spinal cord was 
accomplished after division of the cord by passing a polythene tube of suitable diameter down the 
vertebral canal and withdrawing it with the spinal cord contained inside. Decapitation was carried 
out after crushing the neck with a twisted wire loop. Lesions of the ala cinerea were made either 
by suction-removal with a capillary pipette, or by undercutting with a miniature knife fashioned 
from a steel needle. The region of the ala cinerea was clearly visualized through a binocular dis- 
secting microscope after lateral retraction of the neck muscles in the back, dorsal enlargement of 


* Permanent address: Pharmacology Dept., College of Medicine, University of Utah, Salt Lake 
City, Utah, U.S.A. 
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the foramen magnum and slight elevation of the cerebellum. in specimens 
formalin and the lesions were examined histologically. gn pe Seg 

In order to examine the possibility of a humoral factor in the causation of the pulmonary oedema 
after vagotomy, acute parabiosis was performed in decerebrate preparations by side-to-side 
suturing of the skin between thorax and thigh after opening the abdominal cavities and inter- 
mixing the bowels. 

Lung weight, expressed as a percentage of the pre-operative body weight, was used as the 
measure of pulmonary oedema. The lungs were dissected free from the heart, great vessels and 
trachea, washed with tap water, dried between filter paper and weighed immediately to the nearest 
50 mg. It is known that the lungs gain weight as a post-mortem phenomenon (Holmstedt, Krook 
& Rooney, 1957). Accordingly, data obtained from animals which had been dead for some hours 
have been discarded. 


Text-fig. 1. Guinea-pig headholder. The hinged and slotted nosepiece provides for quick 
manipulation and allows adjustment for variable head size. 


The head-holder shown in the photograph (Text-fig. 1) was constructed to permit rapid fixation 
of the guinea-pig'’s head for purposes of the cranial operative procedures. In preparations in which 
artificial ventilation was required, the Palmer small animal positive-pressure respiration pump 
was used at 60 strokes/min. In order to avoid accidental overfilling of the lungs and to maintain 
& constant filling pressure, a simple water-column overflow valve was incorporated in the inlet line 
and adjusted to a pressure of approximately 10 cm of water. This pressure gave a starting tidal 
volume of 2 ml, air/100 g body weight, and decreased with the development of pulmonary oedema. 


RESULTS 

Characteristics of pulmonary oedema induced by vagotomy. In guinea-pigs 
the lung weight percentage varies between 0-6 and 0-8. This range is shown in 
Text-fig. 2 by the shaded area. After bilateral vagotomy death occurred, 
owing to pulmonary oedema, within 8 hr, and in 90% of the animals within 6 hr. 
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The lung weight percentage in these animals varied between 0-95 and 2:2, as is 
shown by the black dots in Text-fig. 2. Only in two animals which died soon 
after vagotomy was the lung weight percentage under 1-0. The distribution 
of the black dots shows that the lung weight increased with survival time so 
that the percentage was always over 1-2 in animals which survived for longer 
than 3} hr. Gross pathological changes in the form of haemorrhagic patches 
were constantly present in the lungs when the weight percentage was greater 
than 1-0. Therefore, lung weight percentages greater than 1-0 and gross 
pathological changes in the lung were taken as the criteria of lung oedema. 


4 5 
Time (hr) 
Text-fig. 2. Ordinate. Lung weight percentages of normal guinea-pigs (shaded area), of vago- 

tomized guinea-pigs dying within 8 hr (@) and of vagotomized guinea-pigs killed at given 
intervals within 8 hr (©). Abscissae, time in hours between vagotomy and spontaneous 
death or killing. 


A number of vagotomized animals were killed at given intervals over the 
range of the survival time in order to obtain details about the course of 
development of the oedema. As is shown in Text-fig. 2, animals which were 
killed at various intervals after vagotomy had lung weight percentages 
considerably lower than that obtained after spontaneous death. Of the 
seventeen killed animals, six had a lung weight percentage under 1-0 although 
five of these animals were killed 3 hr or later after the vagotomy. These findings 
suggest that the most rapid development of oedema occurs in the vagotomized 
guinea-pigs shortly before spontaneous death and that these six animals must 
have been killed before the terminal phase had begun. On the other hand, 
the few high percentages of lung weight which were obtained in the killed 
animals suggest that they were killed during the terminal phase. 

Lesions in the ala cinerea. Lesions in the region of the ala cinerea produced 
pulmonary oedema if the lesions involved the vagal nuclei. If only the area 
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postrema was involved no oedema resulted. If the lesions involved both vagal 
nuclei, fulminating acute pulmonary oedema occurred and the animals died 
within 6 hr. If the vagal nuclei were partially spared the animal died from 
delayed oedema sometimes as late as 5 days after the operation. Plate 1 shows 
photomicrographs of medullary sections to illustrate the location and extent of 
medullary damage in relation to oedema formation. Panels a, 6, and ¢ are 
lesions obtained in three guinea-pigs by suction removal. In the animal which 
provided panel a only the area postrema was removed, without involvement 
of the dorsal vagal nuclei, and no oedema resulted. In the animal of panel c the 
lesion included the vagal nuclei of both sides, and the animal died from acute 
pulmonary oedema. In the animal of panel 6 the nuclei were partially spared, 
and the animal died from delayed oedema 5 days after the operation. Panels 
d, e, and f are lesions obtained in three guinea-pigs by undercutting the ala 
cinerea. When the vagal nuclei were not damaged, as in the animal of panei d, 
no oedema resulted. When the vagal nuclei were damaged symmetrically, as 
in the guinea-pig of panel f, the animal died from acute pulmonary oedema. 
In the guinea-pig of panel e, the vagal nucleus on one side was partially spared 
and the animal died from delayed oedema. In several of the guinea-pigs in 
which the lesions in the vagal nuclei produced acute oedema no signs of 
respiratory distress were visible; the rate and depth of breathing remained 
apparently normal until just before death. In all animals which died from 
acute or delayed pulmonary oedema the lung weight percentage was over 1-2, 
as is illustrated in Text-fig. 3. In all experiments in which the lesions did not 
result in the development of oedema, subsequent vagotomy two weeks later 
caused acute pulmonary oedema. 

Decerebration. The animals were observed for 24 hr after decerebration. 
During this time decerebration itself did not produce lung oedema nor did 
ligation of the carotid arteries. However, the lung weight percentage of the 
animals killed 24 hr after decerebration tended to be slightly higher than in 
normal animals, since values of 0-9 were occasionally obtained. When the 
decerebrate animals were vagotomized, acute lung oedema with increased lung 
weight percentage occurred within 8 hr, but the increase in lung weight 
percentage was generally less than in ‘normal’ vagotomized animals, as is 
seen from Text-fig. 4. Acute pulmonary oedema developed also in decerebrate 
guinea-pigs in which lesions were made in the region of the ala cinerea if the 


lesions involved the vagal nuclei, but again there was some indication that the 


lung weight percentage did not increase as much as in non-decerebrate animals 
with similar lesions (Text-fig. 3). 

Spinal cord transection. Thoracic cord section (T8) did not produce oedema ; 
subsequent vagotomy resulted in characteristic oedema. By contrast, cervical 
cord transection (C7) in itself produced acute fulminating oedema, which 
occurred also when, in addition, the cord was removed. As spinal guinea-pigs 
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Text-fig. 3. Ordinate, lung weight percentages of guinea-pigs dying from pulmonary oedema as 
a result of lesions in the region of the vagal nuclei produced by suction removal (©) or ventro- 
medial undercutting ([]). Abscissae, interval in hours between lesions and death from pul- 
monary oedema. The A refer to experiments in which lesions by ventro-medial undercutting 
were made in decerebrate guinea-pigs. 


Text-fig. 4. Ordinate, lung weight percentages of decerebrate guinea-pigs after vagotomy (A) 
compared with the lung weight percentages obtained after vagotomy in non-decerebrate 
animals (@). Abscissae, time in hours between vagotomy and death from pulmonary oedema. 
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are unable to sustain themselves on diaphragmatic respiration they were 
artificially ventilated after cervical cord section. It was found that the volume 
of air which was delivered under constant pressure decreased rapidly towards 
the end of the survival period when the pulmonary oedema developed. In 
some experiments cervical cord transection was combined with vagotomy ; 
the ensuing oedema did not differ from that produced by cervical cord section 
alone. 

Combined procedures. When the procedures of cervical cord transection, 
decerebration, vagotomy and artificial ventilation were combined in various 
ways the following two facts emerged. (1) The oedema which developed on 
cervical cord section did not occur when the section was made in decerebrate 
animals. (2) Double vagotomy did not produce oedema in decerebrate guinea- 
pigs when they were artificially ventilated. This is illustrated in Table 1 which 
shows the results obtained in seven groups of animals. The number of animals 
used in each group is given in brackets. Only one animal was used in groups 3 
and 5, since the results of groups 4 and 7 made further controls. unnecessary. 


Taste 1. Combined procedures of intercollicular decerebration, cervical cord transection, 
artificial positive pressure ventilation, and bilateral vagotomy in the production of pul- 
monary oedema. The plus sign refers to the procedures performed, and the number in 
brackets to the number of animals used in each group 

Procedures 


Cervical Artificial Bilateral © Pulmonary 
Group Decerebration cord section ventilation vagotomy oedema 


1 (3) + + Yes 
2 (3) + + 4 Yes 
3 (1) + + + No 
4 (3) + + + + No 
5 (1) + + No 
6 (7) + + Yes 
7 (4) + + + No 


The first two groups summarize the effects of cervical cord transection and 
vagotomy already described. Groups 3 and 4 show that pulmonary oedema does 
not occur when cervical cord transection with or without vagotomy is carried out 
in decerebrate animals. Group 5 shows that in a decerebrate animal artificial 
Ventilation per se does not cause pulmonary oedema. Finally, groups 6 and 7 
show that vagotomy causes oedema in decerebrate animals but not when they 
are artificially ventilated. Inasmuch as pulmonary oedema could be produced 
in animals which were either decerebrated or had had the spinal cord tran- 
sected at the cervical level, the question arose as to whether the oedema could 
be produced after removal of the brain stem. Accordingly six animals were 
decapitated and artificially ventilated; they survived for 5 hr; their lung weight 
percentage varied between 0-7 and 0-9. In one guinea-pig an alternative 
procedure was adopted. Immediately after decerebration the cervical cord . 
Was transected and the brain stem and medulla rostral to this section were 
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removed as well. The guinea-pig was artificially ventilated for 10 hr; during 
the whole time the heart was beating vigorously and the spinal cord reflexes 
were brisk. The lung weight percentage of the animal was found to be 0-95. 

The fact that in none of these experiments was the lung weight percentage 
over 1-0 would suggest that the development of pulmonary oedema is inhibited 
by brain stem removal. The interpretation is complicated, however, by the 
fact that artificial ventilation was used in these experiments, and artificial 
ventilation was shown to prevent pulmonary oedema after vagotomy in 
decerebrate animals. Furthermore, the survival time after decapitation was 
only 5 hr, whereas development of pulmonary oedema after vagotomy often 
occurred only after 5 hr. 

Parabiosis. Eight decerebrate parabiotic trios were prepared as follows: in 
four trios the middle animal was vagotomized; in three trios the two outside 
animals were vagotomized, and in the remaining trio all three animals were 
vagotomized. 

Of the four trios in which the middle animal was vagotomized two of the 
vagotomized parabions died after 5 and 7 hr, and their lung weight per- 
centages were 0-9 and 0-8, respectively. The survival time of the middle 
animal was the deciding factor for terminating the parabiotic experiment. 
The two remaining vagotomized parabions died after 12 and 18 hr and had 
lung weight percentage of 0-72 and 0-68 respectiVély. In these two experiments 
an ‘outside’ animal had died earlier and had been substituted by another 
decerebrate animal. No gross pathological changes were present in the lungs 
of any of the twelve animals. The lung weight percentages for the non- 
vagotomized parabions were between 0-65 and 0-93 (mean 0-71). 

These findings suggest that the parabiosis had resulted at least in some 
protection against the pulmonary oedema due to vagotomy, since in two of the 
vagotomized trios the survival time was longer than 8 hr; that is, the acute 
pulmonary oedema which regularly develops in decerebrate vagotomized 
guinea-pigs during this time did not occur. Further, the lung weight per- 
centages in all vagotomized trios was less than 1-0. 

Of the three trios in which the two outside parabions were vagotomized, 
one vagotomized animal died after 2 hr with a lung weight percentage of 1-2. 
Three vagotomized animals died within 2}-64 hr and their lung weight per- 
centages were between 0-63 and 0-85. In one trio the two vagotomized 
animals survived for 8 hr and were then killed. Both had a lung weight per- 
centage of 0-65. These results suggest that the combination of one non- 
vagotomized animal with two vagotomized animals also exerted some 
inhibiting effect on the development of oedema, but that the effect was variable 
and therefore less definite than the effect obtained by the combination of two 
non-vagotomized animals with one which was vagotomized. 


In the trio in which all parabions were vagotomized, each animal of this 
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trio died within 8 hr and the lung weight percentages were all greater than 1-3. 
Thus, parabiosis per se did not inhibit the development of acute pulmonary 
oedema after vagotomy. 
DISCUSSION 

In a study of the role of the central nervous system in the development of 
pulmonary oedema induced by vagotomy, it is first necessary to consider the 
possible contribution of such complicating effects as respiratory obstruction 
from laryngeal paralysis, and aspiration of secretions, as suggested by Lorber 
(1939), and of gastric contents. Farber (1937) as well as Schmitt & Meyers 
(1957) have satisfactorily excluded these effects as the causative factors of 
pulmonary oedema due to vagotomy, inasmuch as they have shown that the 
oedema occurred after tracheotomy, but that section of the recurrent laryn- 
geal nerves alone did not produce the oedema. 

Another mechanical factor which could be involved in the development of 
this type of oedema is the change in respiration that results from vagotomy, 
with consequent alterations in intrathoracic pressure and pulmonary blood 
flow. This influence cannot be conside n important factor in vagotomy- 
induced oedema for at least two reasons, (1) Lesions in the vagal nuclei of 
the medulla oblongata produced oedema in some animals without causing 
observable changes in rate or depth of breathing. (2)-Artificial positive-pressure 
ventilation, maintained at approximately the same rate as in normal breathing, 
did not prevent oedema development following spinal cord transection and 
vagotomy. 

Ventilation factors may have contributed to the lethal effect of vagotomy 
in the two animals which died within 2} hr after nerve section and had lung 
weight percentages under 1-0. In these two animals death may have resulted 
from the continuing and progressive asphyxia on account of the slow and 
obstructed respiration following vagotomy when superimposed upon the 
depressant effects of an anaesthesia. Most animals, however, could overcome 
this respiratory inadequacy and were able to survive until the pulmonary 
oedema developed. 

From the finding that lung oedema was invariably present in animals which 
died spontaneously later than 2} hr after vagotomy, but was not necessarily 
present in animals which were killed as late as 6 hr after vagotomy, it was 
concluded that the oedema develops most rapidly just before death. This 
conclusion is supported by the observation that the distensibility of the lungs, 
as judged from the volume of air delivered under constant pressure during 
artificial ventilation, decreased rapidly towards the end of the survival period 
in animals which developed pulmonary oedema after cervical cord transection. 

It has been suggested (Sarnoff & Sarnoff, 1952) that ‘neurogenic’ pulmonary 
oedema results indirectly from haemodynamic alterations. This would pre- 
suppose that the causative influences are mediated through efferent nerve 
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pathways to the cardiovascular system. However, efferent nervous activity 
can be excluded, because it is known that atropinization does not prevent 
vagotomy-induced oedema. Further, the present experiments show that 
pulmonary oedema still develops after cervical cord transection and cord 
removal which, to all intents and purposes, excludes sympathetic discharge 
to the circulatory system. 

The hypothalamus has been implicated in the development of pulmonary 
oedema in rats (Gamble & Patton, 1951; Maire & Patton, 1956). However, 
the present experiments show that the hypothalamus or indeed the whole 
forebrain is not essential to the development of vagotomy-induced pulmonary 
oedema in the guinea-pig. But the fact that the oedema produced by vagotomy 
was less severe in decerebrate than in normal animals suggests that the fore- 
brain may have a contributory role in oedema development. 

The demonstration that fulminating lung oedema can be produced by dis- 
crete lesions of the dorsal vagal nuclei in normal as well as in decerebrate 
guinea-pigs, and that in every instance in which oedema resulted from a lesion 
placed in the vicinity of the ala cinerea the dorsal motor nucleus of the vagus 
was found to be damaged, is in agreement with the finding that damage of the 
vagal nuclei is an invariable concomitant of pulmonary oedema in patients 
with fatal bulbar poliomyelitis (Baker, 1957). 

Evidence has been presented to show that pulmonary oedema can occur in 
the absence of neural connexions between the central nervous system and the 
circulatory system. As an explanation for the oedema formation the possibility 
of a humoral mechanism was approached experimentally, with the use of 
parabiotic guinea-pigs to permit the exchange between animals of a possible 
humoral factor. The apparent protection against oedema of vagotomized 
parabions by their non-vagotomized partners supports such a possibility. 
However, a more definite expression of the role of a humoral intermediate in 
‘neurogenic’ pulmonary oedema requires further experimentation. 


SUMMARY 


1. Criteria based on increased lung weight and gross pathological changes 
in the lungs were established for evaluating the development of vagotomy- 
induced pulmonary oedema in guinea-pigs. 

2. Bilateral vagotomy in guinea-pigs resulted in lethal pulmonary oedema 
within 8 hr after the vagotomy. 

3. Bilateral vagotomy resulted in acute pulmonary oedema in decerebrate 


guinea-pigs. Thus the forebrain is not essential for this type of neurogenic 
oedema. 


4. Acute pulmonary oedema resulted from discrete lesions in the vagal 
nuclei in normal as well as in decerebrate guinea-pigs. Asymmetric lesions 
which partially spared the vagal nuclei resulted in delayed pulmonary oedema. 
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5. Transection of the spinal cord at C7, but not at T8, resulted in the 
development of acute pulmonary oedema which did not differ from that 
produced by bilateral vagotomy. 

6. The oedema which ensues from cervical cord section did not occur when 
the section was made in decerebrate guinea-pigs. 


7. Bilateral vagotomy did not produce oedema in decerebrate guinea-pigs 
when they were artificially ventilated. 


8. In parabiotic experiments on decerebrate guinea-pigs some protection 
was obtained against the oedema of vagotomized parabions by their non- 
vagotomized partner or partners. This finding suggests that a humoral 
mechanism may be involved in the vagotomy-induced pulmonary oedema. 


We wish to thank Sir Charles Harington for hospitality and Dr W. Feldberg for his interest and 
encouragement. This work was carried out during tenure of a Guggenheim Fellowship by H.L.B. 
and of a Wellcome Trust Fellowship by B.A.K. 
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EXPLANATION OF PLATE 
Photomicrographs of transverse sections of the medulla oblongata showing lesions of the ala 
cinerea stained with eosin and toluidine blue. Left side, lesions effected by suction-removal; 
right side, by ventromedial undercutting. (a) and (d) no oedema; (b) and (e) delayed 
oedema; (c) and (f) acute oedema. 
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THE AMINE OXIDASES OF MAMMALIAN PLASMA 
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The amine oxidases are enzymes which are of importance in the biological 
inactivation of amines naturally occurring in the animal body, They catalyse 
the oxidative deamination of a terminal amino group, free or substituted. 
The classification of these enzymes, which are widely distributed in animal 
tissues, is based on work carried out twenty years ago, when it was shown that 
there existed an enzyme called amine oxidase (or monoamine oxidase) which 
acts not only on adrenaline, tyramine and tryptamine, but also on many 
aliphatic monoamines, and a second enzyme called histaminase (or diamine 
oxidase) which is responsible for the oxidation of histamine and the aliphatic 
diamines, e.g. putrescine or cadaverine. A convenient source for the study of 
histaminase is the pig’s kidney; the liver and many other mammalian tissues 
have served as a source of amine oxidase. It has since been shown that long- 
chain aliphatic diamines are substrates of amine oxidase and not of the pig- 
kidney histaminase. This work has been reviewed some time ago (Blaschko, 
1952; see also Zeller, 1951). 

Little is known about the mechanisms of electron transfer in reactions 
catalysed by amine oxidases. The so-called ‘mono’ amine oxidase is not 
inhibited by cyanide, semicarbazide or carbonyl reagents, substances which 
are all potent inhibitors of histaminase. 

A few years ago an enzyme was found in the blood plasma of the sheep and 
the ex (Hirsch, 1953; Tabor, Tabor & Rosenthal, 1954) which is characterized 
by its high activity with spermine or spermidine as substrates. This enzyme is 
inhibited by inhibitors of histaminase, but it also acts on a number of mono- 
amines which are typical substrates of amine oxidase. Thus this enzyme 
resembles amine oxidase in its substrate specificity but histaminase in its 
inhibitor specificity. 

The present studies of the amine oxidase of mammalian plasma arose from 
some observations on the oxidation of the anti-malarial compound, Primaquin 
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(8-(4-amino-1-methylbutylamino)-6-methoxyquinoline). They extend our 


knowledge of the occurrence of amine oxidases in mammals; at the same time, 


they give the basis for a new classification of these enzymes. 


METHODS 


We are indebted to Mr O. G. Jones, M.R.C.V.8., Curator of Mammals, Zoological Society of 
London, for samples of blood of lion, tiger, Bennetts wallaby (Macropus ruficollis bennetti) and 
kangaroo; to Professor R. J. Harrison for blood of seal (Phoca vitulina) and to Dr N. K. Dutta of 
the Haffkine Institute, Bombay, Dr 8. K. Sen, M.R.C.V.S., and V. R. Rajagopalan, G.M.V.C., of 
Patna, for a sample of serum from an Indian elephant. Horse serum was sent by Dr A. C. White, 
of the Wellcome Laboratories; this usually had some o-cresol ether added, without any detriment 
to enzymic activity. We are grateful to all who have so generously helped us in this study. 

Sera were prepared from the blood samples and usually dialysed for a few hours in the cold 
room at +4°C against 0-067™m sodium phosphate buffer of pH 7-4. We have not noticed that 
dialysis had any effect upon the enzymic reaction. 

Manometer vessels suited for a liquid volume of either 2-0 ml. or of 0-7 ml., were used, according 
to the amounts of material available. With purified preparations, either 1-0 or 0-5 ml. of fraction 
was used in cach flask, with the volume in the main compartment brought up to 1-6 ml. by the 
phosphate buffer of pH 7-4. With the precipitated samples it was found unnecessary to include an 
‘enzyme blank’. Initial substrate concentrations were 10-*m; the gas phase was O, and the 
temperature of the bath 37-5° C. 

For the determination of the specific activity of enzymes, protein was determined by ultra- 
violet absorption spectrophotometry (Laye, 1957); the determination of protein nitrogen after 
steam distillation was also carried out (Hawkins, 1952). 


RESULTS 
Amine oxidase from horse serum 

In observations on the enzymic oxidation of Primaquin it was noted that this 
amine was oxidized by ox and sheep plasma. That the oxidation was catalysed 
by spermine oxidase, was supported by the observation that the rate of oxygen 
uptake in the presence of both spermine and Primaquin was competitive and 
not additive. Horse serum, known to be without significant action on spermine, 
was therefore tested with Primaquin. 

A similar uptake of oxygen occurred when horse serum was incubated with 


-Primaquin. This suggested the possibility that an amine oxidase was present 


in the serum, a suggestion soon confirmed when samples of horse serum were 
incubated with other amines. Table 1 shows that a number of amines, which 
are known to be substrates of the intracellular amine oxidase, were oxidized 
in the presence of horse serum. These included benzylamine, 6-phenylethyl- 
amine, tryptamine and 5-hydroxytryptamine (5-HT). The serum also oxidized 
iso-amylamine, another typical substrate of amine oxidase, and, less rapidly, 
also hexylamine and heptylamine. The oxidation of the aliphatic diamines 
followed the rule established for the intracellular ‘mono’ amine oxidase 
(Blaschko & Hawkins, 1950): the lower members of the series, H,N. (CH,)nNH,, 


were not oxidized at a significant rate, whereas decamethylene and 
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dodecamethylene diamines were oxidized. That cystamine and homocystamine 
are substrates of the horse serum enzyme has already been reported (Bergeret 
& Blaschko, 1957). 

Of all substrates examined so far, benzylamine was the amine most readily 
oxidized by horse serum. This amine was tested, since in the work of Tabor 
et al. (1954) it was rather rapidly oxidized by bovine plasma enzyme, although 
at a lower rate than spermine and spermidine. A substituted benzylamine, 
Marfanil (p-sulphamidobenzylamine), was also oxidized; this compound is a 
substrate of both spermine oxidase and liver amine oxidase (Tabor e¢ al. 1954). 


Tasxz 1, Oxidation of amines by horse serum (1-6 ml.) 


pl. O, ul. Os 
10-*m substrate in 30 min 10-*m substrate in 30 min 

spermine 2 propylene diamine 1 

ir putrescine (tetramethylene 4 

e 

benzylamine 29 cadaverine (pentamethylene 0 
Marfanil 14 diamine 
5- 16 heptam e diamine 4 
8-phenylethylamine 14 decamethy diamine 8 
tyramine 15 dodecamethylene diamine 8 
mescaline 13 cystamine 9 
iso-amylamine 15 homocystamine 14 
n-hexylamine 6 histamine 3 
n- ylami 5 L- 0 
5 lysine 


The reaction catalysed by horse serum.is a typical oxidative deamination. 
For benzylamine the reaction can be formulated thus: 


C,H,.CH,.NH, + 40,=C,H,.CHO +NH,, (1) 
on the assumption that catalase is present to decompose any hydrogen peroxide 
formed (see Blaschko, 1952). In the experiment shown in Table 2, 2-5y 
moles benzylamine was incubated with dialysed horse serum (1-6 ml.); 
second sample of horse serum was incubated without added benzylamine. 
When the oxygen uptake had come to a standstill, equal amounts of the 
reaction mixtures were removed from each flask, and ammonia was deter- 
mined as described by Bergeret & Blaschko (1957). The results of these deter- 
minations are shown in Table 2: 1-04 moles of ammonia was formed for one 
mole of substrate added; at the same time, 0-5 mole of oxygen per mole of 
substrate had been used. These results are in good agreement with the amounts 
expected from equation (1), The remainder of the contents of the two flasks 
were used to prepare a protein-free extract, by adding an equal volume of 
20% trichloroacetic acid; when a saturated solution of 2:4-dinitropheny!- 
hydrazine in 2N-HCl was added to the protein-free filtrates, a copious yellowish- 
orange precipitate was formed in the filtrate from flask 1; no similar precipitate 
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appeared in the filtrate from flask 2. A similar precipitate of a phenylhydrazone 
was formed when benzaldehyde was added io a solution of the reagent. 


TaBie 2. Stoichiometry of oxygen uptake and ammonia formation in the enzymic 
oxidation of benzylamine by horse serum 
Each flask contained 1-6 ml. of horse serum ; flask 1 also contained 2-5 moles of benzylamine 
hydrochloride; flask 2 contained no added amine. Duration of incubation, 90 min. 


O, used NH, formed 
Flask 1 35-5 yl. 40-25 pg 
Flask 2 7°65 pl. 3-75 pg 
Difference found 28 yl. 36-5 ug 
Difference pl. pg 
Per mole of substrate added 0-5 mole of 1-04 mole of 
O, used formed 
Distribution of plasma amine oxidases 


The observation that benzylamine was readily oxidized by horse serum was 
made use of in the search for plasma amine oxidases in other species. A list 
of all the species examined up to the present is given in Table 3. This table 
also incorporates a summary of our observations on the distribution of 
spermine oxidase, presented in greater detail in a separate paper (Blaschko 
& Hawes, 1959). Spermine oxidase is present in all ruminants, i.e. in all 
members of the two suborders Tylopoda and Ruminantia; these belong to the 
order Artiodactyla. This order also contains some species which are not 
ruminants. The pig is one of these species. It was found that pig serum, although 
without spermine oxidase activity, rapidly oxidized benzylamine. Pig serum 
proved a convenient source of plasma amine oxidase, and much of the sub- 
sequent work has been carried out on the pig enzyme. 

The horse belongs to the order Perissodactyla; it is the only representative 
of this order hitherto tested. The perissodactyls and artiodactyls constitute 
the animals commonly known as ungulates. 

Of the orders most closely related to the ungulates, only one has been 
studied so far, the Indian elephant, a member of the order Paenungulata. The 


- elephant serum also had benzylamine oxidase activity. 


Whereas the ability to oxidize spermine was restricted to the blood plasma 
of ruminants, the ability to oxidize benzylamine and other amines was found 
not only in the ungulates and paenungulates but also in some of the carnivores 
tested. The sera of the dog, the ferret and the tiger had benzylamine oxidase 
activity. No oxidase was found in cat, lion and seal sera. In no other order 
has enzymic activity been detected so far. 

The study: of the substrates of the plasma oxidases has shown that the 
pattern of substrate specificities differs somewhat from species to species. 
Table 4 lists the substrates of the pig plasma enzyme, and a comparison with 
the substrates of the horse plasma oxidase (given in Table 1) shows that there 


are differences, as well as many similarities. Like the horse plasma ie 
95- 
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the pig plasma oxidase is a typical ‘mono’ amine oxidase, acting on aliphatic 
monoamines and long-chain diamines, but not on the short-chain diamines, 
e.g. putrescine and cadaverine. This observation, confirming an earlier report 
by Kolb (1956), will be discussed more fully below. Among the differences, 
there is the activity of the pig enzyme with histamine as substrate. Another 
difference is the much higher rate of oxidation of mescaline in pig serum. 


Tasxz 3. Distribution of benzylamine oxidase of mammalian plasma. 
Classification of mammals simplified after Gaylord Simpson (1945) 


Class Mammalia 
Su Theria Subclass Theria 
Infraclass Metatheria Infraclass Eutheria 
Order Marsupialia Cohort F ta 
Family Macropodi Superorder Paen 
Bennetts wallaby - Proboscoidea 
Kangaroo sp - Family Ele tidae 
Infraclass Eutheria Indian 
Cohort Unguiculata Su Mesaxonia 
Order Primates Perissodactyla 
Family Hominidae Family Equidae 
= Horse + 
Cohort Glires Superorder Paraxonia 
Order Artiodactyla 
Family Leporidae Suborder Suiformes 
Rabbit ~ Family Suidae 
Cohort F ta Pig + 
Su rder Ferae Suborder Tylopoda 
Carnivora Family Camelidae 
Suborder Fissipeda Camel* + 
Canoidea Llama* + 
amily idae Suborder Ruminantia 
+ Family Cervidae 
Family Mustelidae Fallow deer* + 
Ferrett + Family Giraffidae 
Superfamily Feloidea Giraffe* + 
amily Felidae Family Bovidae 
Cat - Domestic cattle* + 
- Goat* + 
iger + Shee + 
Pinnipedia 
y Phocidae 


* Plasma of species thus marked also oxidizes spermine 


Mescaline is oxidized initially a little less rapidly than benzylamine, but the 
rate of oxygen uptake with mescaline as substrate increases with time. This is 
probably due to a secondary oxidation reaction, e.g. the formation of the 
carboxylic acid from the corresponding aldehyde: 


CH,O CH,O 
COOH 
CH, CH, 
3, 4, 5-trimethoxyphenyl- 3, 4, 5-trimethoxypheny}- 
acetaldehyde acetic acid 


This acid is known to be one of the end products of mescaline metabolism in — 


mammals (Slotta & Miiller, 1936). 
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Some of the substrates of the dog plasma enzyme are listed in Table 5. It 
may be mentioned here that there appear to be marked individual differences 
in the rate of oxidation of benzylamine by dog plasma or serum; the data of 
Table 5 have been taken from experiments with one and the same sample of 


Tasxe 4. Oxidation of amines by pig serum (1-6 ml.) 


O, in 
| 10-*m substrate min 
12 
benzylamine 47 
mine 15 
5- 4 
B-phenylethylamine 8 
mine 29 
52 
1s0-amylamine 15 
ethylene diamine 3 
e diamine 2 
xamethylene diamine 2 
heptamethylene diamine 8 
decamethy iami 18 
dodecamethylene diamine 13 
histamine 15 
cystamine 12 
homocystamine 18-5 
No significant oxygen uptake with: spermine, spermidine, putrescine, cadaverine, agmatine, 
(+) 8-phenylethanolamine, hordenine, lysine (L- and pL-) and DL-e-aminocaproic acid. 
Taste 5. Oxidation of amines by one sample of dog 
serum (1-6 ml.) 
10-*m substrate pl. O, in 30 min 
spermine 2 
uin 
70, 67, 64, 76 
5- 7 
B-phenylethylamine 29 
tyramine 14 
tso-amylamine 39 
putrescine 10, 4 
cadaverine 9,4 


Some of the amines were tested more than once, using the same sample; all results are recorded. 


| dog serum which had the highest rate of oxidation of benzylamine. It can be 

{Seen that bere there occurred a little oxygen uptake with both cadaverine and 
putrescine. In order of decreasing rates the amines most rapidly attacked 
were: benzylamine, iso-amylamine, mescaline, f-phenylethylamine, trypt- 
amine. It was reported earlier that mescaline was oxidized by all the samples 
of ruminant or non-ruminant serum or plasma in which it was tested and in 
‘ _ Which benzylamine was oxidized (Blaschko, Ferro-Luzzi & Hawes, 1958). 
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Partial purification of oxidase from pig serum 

In order to obtain a more active preparation of non-ruminant plasma oxidase, 
pig serum was chosen as a convenient starting material for purification. The 
method finally adopted was, briefly, to heat the serum, adjusted to pH 6-0, 
to 65° C; this was followed by two successive precipitations with ammonium 
sulphate. It was noted that the heating increased the amount of enzymically 
inert protein in the first stages of the precipitation by ammonium sulphate, 
although by itself it produced little or no precipitate. 

For the assay of enzymic activity, catalase was added (2 u. of catalase 
‘Worthington’ in each manometer flask), as it was noted that already in the 
early stages of purification the reaction no longer proceeded according to 
equation (1): in the absence of added catalase the initial consumption of 
oxygen was almost twice that in the presence of catalase, but the rate of the 
reaction soon slowed down, whereas a linear rate was maintained much longer 
when catalase was added. This suggested that without catalase the reaction 
proceeded according to equation (2): . 

O,H, .CH,.NH, + H,0 + 0, =C,H,.CHO +NH, +H,0, (2) 
benzylamine benzaldehyde hydrogen peroxide 
This accounted for the initial doubling of oxygen uptake, and the slowing 
down of the reaction was probably due to inactivation of the oxidase by the 
accumulating hydrogen peroxide. 

The enzyme unit is defined as the amount of enzyme that causes the uptake 
of 1 wl. of oxygen in 15 min. This differed according to the substrate used 
(benzylamine or histamine). The specific activity is defined as the number of 
enzyme units/mg protein for benzylamine or histamine, according to the sub- 
strate tested. 

In each experiment, approximately 800 ml. of pig serum was used; in the 
preliminary stages, this amount had to be divided in two batches of about 
400 ml.; these batches were pooled in the later stages of purification. In the 
following, one complete run is described in greater detail. 

To 395 ml. of pig serum (sample A of Table 6) enough n-HCl was added 
(13 ml.) to bring the pH to 6-0; the sample was heated to 63-65° C as rapidly 
as possible. This temperature was maintained for 10 min (with stirring). The 
material was then rapidly cooled to 0° C and a small sample was removed for 
enzyme assay (sample B of Table 6). All subsequent manipulations were 
carried out as near 0° C as was possible. Ammonium sulphate 82-5 g was then 
slowly added, with stirring; this brought the percentage saturation to approxi- 
mately 35%. A precipitate was removed by centrifugation, and to the super- 
natant fluid (volume 335 ml.) a further 36-9 g ammonium sulphate was added, 
to an approximate saturation of 55%. The precipitate was spun off and after 
adding 25 ml. of water, the suspension had a total volume of 40 ml. At this 
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stage another 40 ml. from the second batch (initial volume, 400 ml. of pig 
serum) was added before the total volume of pooled batches was brought up 
to 165 ml. by adding water. 

After removing another sample for enzyme assay (sample C of Table 6), the 
remaining 162 ml. was used for a second precipitation by ammonium sulphate; 
29g (NH,),SO, was added to an approximate saturation of 40%; the pre- 
cipitate was retained and re-dissolved. After removing 170 ml. supernatant, 
5-3 g ammonium sulphate brought the saturation to 45°, and an addition of 
5-6 g ammonium sulphate, after removing the precipitate obtained, to 168 ml. 
of supernatant, brought the saturation to 50%. The material was then again 
centrifuged and a precipitate removed. The last addition of ammonium 
sulphate, 5-5 g to 160 ml. of supernatant fluid, brought the saturation to 55% 
and produced a new precipitate. In this way four precipitates were obtained ; 
they were taken up in a small amount of distilled water and dialysed against 
distilled water for 4} hr. 


TaBLE 6. Stages of purification of oxidase from pig serum. Substrate, benzylamine (Bz) 


Vol — Total 
ume enzyme 
of Enz units protein Specific 
— ts Protein (Bz) in in sample activity 
Sample (ml) (Bz)/ml. (mg/ml.) sample (mg) (Bz) 
A 775 71-9 5,420 55,600 0-097 
B 790 16-5 80-1 13,000 63,300 0-204 
162 21 25-4 3,400 4,110 0-827 
*40%," 10 44 81-0 440 810 0:54 
*45%," 12 64-7 768 776 0-99 
‘50%,’ 18 117 62-5 2,110 1,125 1-87 
*55%" 14 37-0 1 518 2-38 
An enzyme unit causes the uptake of ll. O, in 15 min; Specific activity enzyme units/mg 


protein. 

Sample A, pig serum; sample B, pig serum heated at pH 6-0 and 65° C; sample C, ammonium 
sulphate, first precipitation, 35-55% saturation. Samples marked ‘40%’, ‘45%’, ‘50%’ and 
55%’ are from the second ammonium sulphate precipitation. 


The results of the manometric assays and the protein determinations are 
shown in Table 6. It can be seen that the heating at pH 6-0 increased the 
specific activity of the serum; the cause of this phenomenon, which was noted 
in all experiments, has not been determined. Possibly an inhibitor of the 


_ enzyme was inactivated by heating. In the experiment of Table 6, the pre- 


cipitate from the first ammonium sulphate treatment, (C), contained only 
about 7% of the total protein of serum, but 63% of the enzymic activity had 
been retained. The specific activity had risen from 0-097 to 0-827. The last 
precipitate, which contained 22-7% of the enzymic activity of the starting 


material, was 24-6 times as pure as the pig serum from which it had been pre- 


pared. In the experiments to be described later, the purified enzyme used 
consisted of the pooled ‘50%,’ and ‘55%,’ precipitates. 
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The activity with benzylamine as substrate, and the protein contents, were 
determined in all experiments in the serum and in the various precipitates 
obtained from the second ammonium sulphate precipitation; these results 
are given in Table 7. It can be seen that in three of the four experiments 
the maximal specific activity was present in the last precipitate; in the 
Taste 7. Purification of pig serum oxidase. Substrate, benzylamine (Bz). Four different pre- 

parations were used. The activities of the serum and of the four precipitates from the second 


Expt. no... 1 2 
Total Total Total Total 
Sample protein enzyme Sp. act. enzyme p. act. 
(mg) units (Bz) (Bz) (mg) units (Bz) (Bz) 
52,900 7,780 0-148 55,600 5,420 0-097 
‘40%,’ 180 0-73 810 0-54 
*45%," 672 840 1-25 776 768 0-99 
‘50%’ 1,239 1,974 1-59 1,125 2,110 1-87 
*55%’ 561 1,088 1-94 518 1,230 2-38 
Expt. no 3 4 
Total Total < Total Total 0 
Sample protein enz Sp. act. protein enz Sp. act. 
(mg) units (Bz) (Bz) (mg) units (Bz) (Bz) 
60,808 6,160 0-101 119,000 11,165 0-099 
*40%,” 2,200 1,480 0-67 1,409 452 0-32 
*45%,’ 2,560 1,914 0-75 1,417 1,035 0-73 
*50%’ 898 1,458 1-62 1,737 1,800 1-03 
‘55%’ 186 147 0-79 4 922 1-87 


Enzyme unit and specific activity defined in Table 6. 


TaBLe 8. Pig serum enzyme. Rates of oxidation of benzylamine and histamine 


in different stages of purification 
pl. O,/ml. of sample in 15 min 
With With : 
benzylamine histamine Ratio 
Sample A B A:B 
Serum 7 3 2-33 
Serum acidified to pH 6-0 9 4 2-25 
Serum acidified and heated to 65° C 18-5 9-5 1-95 
Supernatant from 35% ammonium sulphate 11-5 2-5 4-60 
(1st precipitation) 
Sediment after 55% ammonium sulphate 23 13 1-77 
(1st precipitation) 
‘40%’ (2nd precipitation) 21-5 9-5 2-26 
“45%,” (2nd precipitation) 28 1-60 
(2nd precipitation) 26 1-92 
55 %,° (2nd precipitation) 42 27 1-56 


remaining experiment it was highest in the precipitate with 50% saturation. 
An experiment in which activities were determined with both benzylamine 
and histamine as substrates is shown in Table 8. It is interesting that the 
relative rates of oxidation of the two substrates remained similar through- 
out; this is a strong argument in favour of the assumption that one and the 
same enzyme is involved in the oxidation of the two substrates. 
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All the fractions with high amine oxidase activity had a blue colour, but the 
coeruleoplasmin content has not been determined. 


Relation between pH and enzymic activity 

The pig serum oxidase preparations, purified as described in the preceding 
section, were used for a study of the relation between pH and the rates of 
enzymic oxidation of various amines. In the experiments to be described two 
amines were selected, histamine and f-phenylethylamine. Histamine was 
chosen as it was thought of interest to follow its oxidation at different stages 
of ionization; this will be discussed below. The oxidation of histamine by the 
pig serum preparation was compared with that by a pig kidney preparation, 
purified according to the method of Arvidsson, Pernow & Swedin (1956), 
which was studied by one of us (K.N.), in collaboration with Dr H. Westling, 
at the Physiological Institute of Lund University. The second amine, 
B-phenylethylamine, was chosen because its side chain is the same as that 
of histamine 


B-phenylethylamine 


and because its amino group resembles, in its dissociation, the terminal amino 
group in histamine. An 0-1m sodium pyrophosphate buffer was used in these 
experiments. 

The results obtained are shown in Fig. 1. The upper half of this figure 
embodies the results of one of the experiments carried out in Lund with the 
pig kidney preparation. The rate of oxidation of cadaverine was high at pH 
8-0 and fell with decreasing pH. With histamine as substrate the curve relating 
enzymic activity to pH was different: in the alkaline range the rate remained 
very similar but at pH 6-0, where the rate of oxidation of cadaverine was low, 
the oxidation of histamine showed a maximum. This is of interest as the pK 
of the basic group in the imidazole ring of histamine is 6-03 (Albert, 1955). In 
other words, the rate of oxidation of histamine had a maximum at a value of 
pH where the concentration of the dicationic form of histamine was high. 


“Cadaverine is present with both basic groups practically fully ionized through- 


out the range of pH studied. 

The lower half of the figure shows the results for one of our experiments 
with the purified preparation of pig’s serum. The result is essentially the same 
as that obtained in a preliminary experiment in which a less highly purified 
preparation of pig serum oxidase was used (Blaschko, Friedman & Nilsson, 
1958). The curve for the oxidation of histamine was entirely different from that 
with pig-kidney oxidase: the rate of oxidation was very low in the acid range 
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and rose with increasing pH. Although in the experiment shown in Fig. | 
there appeared a maximum at pH 8-1, this was not seen in another similar 
experiment (not shown) in which the rates in the alkaline range remained 
essentially the same throughout. A maximum at pH 8-1 is somewhat similar 
to results obtained by Kobayashi (1957) on histaminase of mouse liver. 

The oxidation of 8-phenylethylamine fell less rapidly than that of histamine 
at the acid end of the pH range; thus, the figures for the ratio, (initial rate of 
oxidation of £-phenylethylamine):(initial rate of oxidation of histamine) 


Ratio Cad. /Hist. 


100 


Cadaverine 


Pig kidney 


Histamine 
30 


-Phenylethylamine 


55 6-0 6°5 7-0 oH 75 8-0 8-5 9-0 


Fig. 1. Relation between initial rate of enzymic reaction and pH. Abscissa, pH: ordinate, pl. 0; 
consumed in the first 15 min. 

A: Pig kidney preparation. Oxidation of cadaverine (@—@) and histamine (O—O). 
The ratio, rate of oxidation of cadaverine: rate of oxidation of histamine (ratio Cad./Hist.) 
is given for three values of pH. 

B: Pig serum preparation. Oxidation of B-phenylethylamine (@—@) and Nistamine 
(O—O). The ratio, rate of oxidation of £-phenylethylamine:rate of oxidation of histamine 
(ratio P®/Hist.) is given for three values of pH. 
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(P®/Hist.) shown in Fig. 1 were increasing near pH 6-0, where the relative 
amounts of the monocationic form of histamine were significantly reduced at 
the expense of the dicationic form. 


Affinity of pig serum oxidase for histamine 
The purified preparations of pig serum enzyme were also used in the study 
of the relation between histamine concentration and rate of oxidation. The 
data obtained are shown graphically, plotted according to Lineweaver and 
Burk, as described by Fruton & Simmonds (1953), in Fig. 2. The Michaelis 
constant k,,, calculated from Fig. 2, equals 0-00206. The plot relating (S)/v 
to (S) (Fruton & Simmonds, 1953) gave 0-00196. The figure of 0-002 for the 


015 


_ 200 400 800 1000 
Fig. 2. Relation between histamine concentration and rate of enzymic reaction for a purified 
preparation of pig serum. Lineweaver-Burk diagram. pH:7-4. Ordinate, 1/v: abscissa, 1/S. 
8, molar concentration of histamine; v, zl. 0, consumed by 1 ml. of enzyme preparation in 
first 15 min. | 


Michaelis constant for histamine of the pig serum enzyme must be compared 
with that of 0-00050 for pig kidney given by Zeller, Schir & Staehlin (1939), 
and that of 0-00004 for cat kidney by Lindahl, Lindell, Westling & White 
(1957). In recent work from Lund the Michaelis constant, k,,, for a purified 
pig kidney preparation was found to equal 0-00028 at pH 7-1 (K. Nilsson & 
H. Westling, unpublished). 


Inhibitors of plasma amine oxidases 
It is known, from the work of Hirsch (1953) and Tabor et al. (1954), that the 


spermine oxidase of mammalian plasma is inhibited by many inhibitors of pig 
kidney histaminase, e.g. by cyanide, semicarbazide, hydroxylamine and other 


Carbonyl reagents. The plasma amine oxidases of non-ruminants, which do not 


act on spermine, were found to have a similar specificity towards inhibitors. 

Table 9 shows results of experiments in which three different amine oxidases 
Were used, all from the pig. Two of these enzymes, the serum enzyme and the 
‘mono’ amine oxidase of pig’s kidney, were tested with benzylamine as 
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substrate. The serum preparation was a dialysed specimen of pig serum. The 
second preparation (B) of amine oxidase was freshly prepared from pig’s 
kidney, by grinding with sand in a mortar, adding 2 ml, 0-067 m-sodium 
phosphate buffer of pH 7-4 to each gram of tissue and centrifuging at low speed 
for 5 min. Of the low-speed supernatant, 100 ml. was centrifuged for 1 hr 
at 36,000 rev/min. The sediment from this centrifugation was resuspended in 
50 ml. of the phosphate buffer. This preparation was without ‘diamine oxidase’ 
activity. The third preparation, (C), used with cadaverine as substrate, was an 
extract of an acetone-dried powder of pig’s kidney, prepared as described by 
Blaschko & Hawkins (1950). 


Tasxz 9. Inhibitors of amine oxidases 
Preparation A: Pig serum, dialysed; substrate, 10-*m benzylamine. 
Preparation B: Pig kidney, ‘monoamine’ oxidase; substrate, 10-*m benzylamine. 
Preparation C: Pig kidney, ‘diamine’ oxidase; substrate, 10-*m cadaverine. 
Figures denote per cent inhibition. 
Marsilid* Isoniazid* Ami ‘di 
Concentration (m)... 10* 10° 107% 10* 10° 10% 10* 10° 


Preparation A 31 26 5 100 9% 38 86100 76 17 
Preparation B 100— (80 12 0 10 10 10 0 8 
Preparation C 99 3 100 100 


* In experiments with Marsilid and isoniazid the enzyme preparations were incubated with the 
inhibitor for 30 min at 37-5° C before adding substrate. 


The preparations of the two oxidases, A and B, which accepted benzylamine 
as substrate had very different inhibitor specificities. Table 9 shows that the 
‘monoamine’ oxidase of kidney was strongly inhibited by Marsilid (iso- 
nicotinyl-iso-propyl hydrazine; Roche Products, Ltd.), but that it was not 
significantly inhibited by either isoniazid or aminoguanidine. On the other 
hand the benzylamine oxidase of serum was less strongly inhibited by Marsilid, 
but more strongly by both isoniazid and aminoguanidine. The ‘diamine’ 
oxidase preparation was as strongly inhibited by Marsilid as the ‘monoamine’ 
oxidase preparation of pig’s kidney. Isoniazid and, particularly, amino- 
guanidine strongly inhibited the enzymic oxidation of cadaverine. This last 
finding is in keeping with those of Schuler (1952); it is of interest that the pig 
serum enzyme, also a catalyst of the oxidation of histamine, is less sensitive 
to aminoguanidine than the pig kidney histaminase. 

Hydroxylamine is another strong inhibitor of the pig kidney histaminase. 
In an experiment with dialysed pig serum as source of enzyme and with 
benzylamine as substrate, hydroxylamine in a concentration of 10-*m caused 
100% inhibition, and in 10-*m hydroxylamine the inhibition was still 54°. 
The horse serum oxidase was also inhibited by hydroxylamine. 

Many of the inhibitors of histaminase and the plasma enzymes are not only 
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carbonyl reagents, but also compounds that react with heavy metals to form 
complexes. Hydroxylamine is a carbonyl reagent, but it is not a complexing 
agent. It is of interest, therefore, that it too is an inhibitor of the plasma 
oxidases. 
DISCUSSION 

The present work confirms earlier reports on the occurrence of monoamine 
oxidase activity in mammalian plasma (Werle & Roewer, 1952; Hirsch, 1953; 
Tabor et al. 1954; Kolb, 1956, 1957, 6). The experiments described show that 
the reaction catalysed (for benzylamine) can be formulated thus: 


C,H,.CH,HN, +0, +H,0 =C,H,.CHO + NH, +H,0,. 


This is also the reaction catalysed by the intracellular enzyme, but there can 
be no doubt that the plasma enzymes are distinct. 


Distribution of plasma amine oxidases and classification of mammals 

In the present work a small number of amines only have been systematically 
studied. It is quite possible that other amines may be oxidized by other 
species. We have found that the blood plasma of all ungulates, perissodactyls 
and artiodactyls has amine oxidase activity. The fact, that the ruminant 
oxidase has spermine oxidase activity, is fully discussed elsewhere (Blaschko, 
1958; Blaschko & Hawes, 1959). 

In the classification of mammals according to Gaylord Simpson (1945) there 
appear two superorders which are closely related to the ungulates: the Protun- 
gulata and the Paenungulata. We have so far not been able to examine the 
blood of a member of the Protungulata, a superorder that includes many 
extinct and only a few recent species. In the serum of the only member of the 
Paenungulata tested, the Indian elephant, benzylamine was oxidized ; spermine 
was not oxidized. It looks, therefore, as if the species most closely related to 
the ungulates also contain the plasma enzyme for which the provisional term 
‘benzylamine oxidase’ has recently been proposed (Bergeret, Blaschko & 
Hawes, 1957). 

The finding of an amine oxidase in the dog and certain other carnivores is of 
particular interest in connexion with the classification of mammals. In older 
textbooks of zoology, the carnivores on the one side and ungulates (and their 
closest relatives, the protungulates and paenungulates) on the other, are not 
considered as closely related. However, the classification of Gaylord Simpson 
(1945) and Young (1950) introduces a closer connexion between Carnivora 
and the ungulates: there appears a new unit, the ‘cohort’ Ferungulata (see 
Table 3), and this cohort includes the carnivores and the ungulates (as well as 
the protungulates and paenungulates). According to Gaylord Simpson (1945), 
the evidence for the connexion between carnivores and ungulates is based on 


palaeontological findings. 
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It is of interest, therefore, that those species in which plasma amine oxidases 
have hitherto been found, are all members of the cohort Ferungulata. There 
appears, however, to be a difference between the carnivores and the ungulates: 
in the ungulates a plasma oxidase has been found in every species examined, 
but in the carnivores it has only been found in some species (dog, ferret, tiger), 
but not in others (seal, cat, lion). The possibility that in the dog marked indi- 
vidual differences in enzymic activity may exist is of interest in this connexion. 


Physiological substrates of plasma amine oxidases 
The high oxidation rate of spermine in ruminant plasma makes it likely 


that spermine or a similar polyamine is in fact the natural substrate of the 
oxidase. In the non-ruminant species it is more difficult to determine the 
physiological significance of the enzyme. It is true that its substrates include 
naturally occurring amines like 5-HT and it is quite possible that the latter is 
oxidized by the enzyme in vivo. Similarly, dopamine (not tested in our 
experiments) may be a substrate, but it is unlikely that adrenaline or nor- 
adrenaline are substrates, as the introduction of a hydroxyl group in the side 
chain (as in B-phenyl-8-hydroxy-ethylamine) seems to interfere with affinity. 

An interesting feature is our finding that in most species mescaline is readily 
oxidized. It is now known that in the biological inactivation of the catechol 
amines there occurs an O-methylation, thus: 


HO MeO 


Therefore, the compound 


MeO 
is likely to be formed from dopamine (see Axelrod, 1957), and this compound, 
which is closely related to mescaline 


MeO 


is probably also a substrate of the plasma enzymes, just as mescaline is. 

We may think that the plasma oxidases have a variety of substrates and in 
various species different amines may be preferentially oxidized. The develop- 
ment of spermine oxidase activity i in the ruminants may serve as an example. 


Possibly, however, the main natural substrate of the oxidases of non-ruminant 
plasma remains to be discovered. 


Plasma oxidases and histamine 


Histamine may be another possible substrate of the plasma enzymes in some 
species. Kolb (1956) had already noted that histamine was oxidized by pig 
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gerum whereas putrescine and cadaverine were not attacked. It has now been 
shown that the ability to act on histamine was retained with the activity on 
typical monoamines, e.g. benzylamine and f-phenylethylamine, by the 
purified preparations of pig serum enzyme. This supports the idea that hista- 
mine and the monoamines are acted upon by the same enzyme. In order to 
account for this finding, we have proposed that the ionic species of histamine 
attacked by the pig plasma enzyme is the monocation, whereas the pig kidney 
enzyme acts upon the dicationic form of histamine. 


a’ 


CH, CH, 8, 
Dicationic form of histamine Monocationic form of histamine 
This hypothesis finds support in the pH-activity studies described in this 


per. 
At pH 7-4, 96% of the histamine is present in the form of the monocation 
(Albert, 1955), and it has already been shown that diamines are substrates of 
‘monoamine’ oxidase if one of the two basic groups is much weaker than the 
other (Blaschko, Chatterjee & Himms, 1955). 

It has been discussed for a long time whether histaminase and diamine 
oxidase are one or two enzymes (see Zeller, 1956; Kapeller-Adler, 1956). The 
work here presented leads us to suggest that the histaminase of pig kidney, a 
classical source for the study of this enzyme, is in fact a diamine oxidase, as 
was first proposed by Zeller. The pH-activity curve for the pig kidney enzyme, 
with its marked optimum near pH 6-0 for histamine and the absence of a 
similar optimum for cadaverine (see Fig. 1) can best be understood on this 
interpretation. To this has to be added the observation of Tabor (1951) that 
even highly purified preparations of the pig kidney enzyme still acted on the 
aliphatic diamines as well as upon histamine. 

Oxidation of the monocation of histamine may also account for the report 
that the monoamine oxidase of bovine liver is able to act upon histamine 
(Zeller, Stern & Blanksma, 1956). This preparation is also stated to be without 
significant action upon cadaverine. 

There is good reason to believe that there exists a histaminase with a third 
type of substrate specificity. A representative of this type is found in pea 
seedlings (Kenten & Mann, 1952; Mann, 1955): this enzyme accepts mono- 
amines, short-chain diamines and histamine. The mouse liver enzyme described 
by Kobayashi (1957), which in its inhibitor specificity differs greatly from the 
pea seedling enzyme, may resemble the latter in respect to substrate specificity, 
but the analysis of the mouse liver enzyme is not yet complete. 

Thus there exists a number of enzymes all of which catalyse the same 
reaction, i.e. the oxidative removal of the side-chain amino group of histamine. 


here 
ates: 
ned, 
ger), 
indi- 
xion. 
kely 
the 
the 
lude 
or is 
our | 
nor- 
side 
nity. | 
idily 
chol 
| 
nd, | 
d in 
lop- 
ant 
yme 
pig 


400 H. BLASCHKO AND OTHERS 


This is a fact to be remembered when ‘histaminase’ preparations from different 
sources are compared. To take one example: the pig kidney enzyme is strongly 
inhibited by aminoguanidine, the pig serum enzyme is less strongly inhibited, 
the mouse liver enzyme is not at all inhibited by this compound. For most 
sources of histaminase a classification is outstanding. In particular, it will be 
of interest to find out if the histaminase of human plasma in pregnancy is 
related to the plasma enzymes here studied. 


Classification of amine oxidases 

The work reported in this paper makes it necessary to reconsider the 
question of the classification of the amine oxidases. Much has happened since 
the discovery of ‘tyramine oxidase’ (Hare, 1928) and ‘histaminase’ (Best, 
1929). Most of the attempts to classify these enzymes were based on their 
substrate specificities, but much new information on substrate specificity makes 
it doubtful if such attempts are really profitable. 

Another classification of the amine oxidases is attempted in Table 10. This 
is based on differences in inhibitor specificities. It has been mentioned already 
that the pig kidney histaminase is inhibited by carbonyl reagents. This is 
believed to indicate the presence of a carbonyl group in the active centre of 
the enzyme. 

The plasma oxidases, spermine oxidase as well as ‘benzylamine’ oxidase, 
resemble the pig kidney histaminase in this respect. We can say, therefore, 
that these enzymes are chemically related, as far as their active centres are 
concerned, although they greatly differ in their substrate specificities. 

The intracellular amine oxidase (“monoamine’ oxidase) of liver and many 
other tissues is not inhibited by carbonyl reagents. It clearly belongs to a 
separate category, that of the enzymes in which the active centre does not 
carry a carbonyl group. 

We therefore distinguish two main groups of amine oxidases, one which is 
inhibited by carbony] reagents and another which is not. It can be seen that 
in Table 10 the pig kidney histaminase is listed together with the two plasma 
enzymes and with the mescaline oxidase of rabbit liver (Bernheim & Bernheim, 
1938; see also, Blaschko, Ferro-Luzzi & Hawes, 1958); also the pea seedling 
oxidase and the bacterial enzyme belong to this group. 

The second main group is that of the enzymes not inhibited by carbony| 
reagents. This group includes the amine oxidase first described by Hare (1928), 
an intracellular enzyme present in many vertebrate and invertebrate tissues 
(see Blaschko, 1952). Another enzyme listed in this group is the histaminase 
of mouse liver (Kobayashi, 1957). 

It is hoped that the classification given in Table 10 will be found useful by 
those who study this group of enzymes. The classification is not meant to 
replace time-honoured names like ‘histaminase’, ‘amine oxidase’ or ‘diamine 
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oxidase’ by new ones; it is meant to serve as a reminder that if one of these 
names is used, the term is applied to what is in fact not one entity but a 
collection of enzymes of differing properties. The list is not complete; students 
of the bacterial and plant enzymes will add other oxidases to those listed. 
Also, it is likely that one observer may want to split up one of these entities, 
while another would tend to amalgamate some of the units. Both could claim 
some justification. The enzyme from one species differs from the analogous 
enzyme in another species, and it will depend on individual preference where 
the line is drawn and a new entity is established. There may even be subtle 
organ specificities in one and the same species. On the other hand, it may be 
possible that some of the entities listed may be really superfluous; for in- 
stance the ‘histaminase’ and ‘diamine oxidase’ properties of the mouse liver 
enzyme may just be an interesting and slightly atypical variant of the intra- 
cellular amine oxidase which is insensitive to carbonyl reagents and which in 
most species is a typical monoamine oxidase. 


SUMMARY 

1. The oxidation of amines in the blood plasma (or serum) of mammals has 
been studied. 

2. It has been shown that the plasma of all ungulates is able to oxidize 
amines; a similar oxidase has also been demonstrated in serum of the Indian 
elephant, the dog, the ferret and the tiger; it has not been found in the cat, the 
lion, in man and certain other mammals. 

3. The ruminant enzyme acts on spermine and spermidine; these are not 
significantly attacked by the non-ruminant plasma, which acts relatively 
rapidly on benzylamine and mescaline, but more slowly also on 5-hydroxy- 
tryptamine, tyramine and many monoamines. 

4. Histamine is a substrate of plasma amine oxidases; study of the pH- 
activity relationship of a purified preparation of pig serum suggests that the 
monocationic form of histamine is accepted as a substrate. The Michaelis 
constant of the pig serum enzyme for histamine at pH 7-4 is 0-002. 

5. The amine oxidases of mammalian plasma are inhibited by carbonyl 
reagents. 

6. A new classification of amine oxidases, based on inhibitor specificity, is 
proposed. 
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MOVEMENTS OF Na AND K IN SINGLE MUSCLE FIBRES 


By A. L. HODGKIN anp P. HOROWICZ* 
From the Physiological Laboratory, University of Cambridge 
(Received 29 August 1958) 


The aim of the experiments described here was to investigate the movements 
of labelled sodium and potassium ions through the surface membrane of single 
muscle fibres, and to determine the effect of activity on these movements. The 
advantages of using a single fibre are that the surface area can be measured 
fairly accurately and that radioactive ions have rapid access to the surface. 
The second point is important because frog muscle fatigues in a few minutes if 
stimulated at more than about 3c/s. Activity can be maintained for long 
periods at low frequencies but the changes in ionic flux are then too small to be 
measured accurately. For this reason it is desirable to collect or apply tracer 
over well-defined periods lasting only a few minutes. This condition is difficult 
to satisfy with whole muscle. Other disadvantages of whole muscle are the 
variation in fibre diameter within the muscle and the difficulty of distinguish- 
ing between extracellular and intracellular sodium ions. Complications may 
also arise from the presence of muscle spindles, slow fibres and blood vessels. 
The disadvantages of the single fibre are the low counting rate associated with 
the small quantity of tracer inside the fibre and the difficulty of isolating fibres 
which will survive for long periods of time. However, since neither difficulty is 
insuperable it seemed desirable to attempt a quantitative analysis of ionic 
movements along lines similar to those followed in investigating giant nerve 
fibres (Keynes, 1951). The results agree with the observations of Fenn & Cobb 
(1936) on mammalian muscle in showing that activity is associated with an 
entry of sodium ions and a somewhat smaller loss of potassium ions. They also 
show that labelled K+ and Na* are lost exponentially from single muscle fibres 
and that the movements of these ions are of the kind expected in a system in 
which exchange is limited by a single barrier such as the surface membrane. 


METHODS 
Material 
Single fibres were isolated from the semitendinosus muscle of Rana temporaria, by methods similar 
to those used by Ramsey & Street (1940), Sten-Knudsen (1953) or Huxley & Niedergerke (1954). 
-* Present address, Department of Biophysics, Johns Hopkins University, Baltimore, U.S.A. 
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After a fibre had been isolated it was tested for excitability and then left for about an hour in 
Ringer’s fluid. At the end of this time it was carefully examined under a microscope; if there was 
any sign of damage, the fibre was rejected, even though still excitable. Tests of excitability were 
made at intervals throughout the experiments, some of which lasted 16 hr. In the majority of 
cases fibres were still giving all-or-nothing twitches at the end of the experiment. Fibres were 
never taken through an interface and were transferred from the dissecting dish to the tracer 
apparatus with a small glass spoon. When the fibres were mounted in the influx or efflux apparatus 
they were stretched to 4/3 of their slack length; measurements on other fibres showed that this 
stretch corresponded to a sarcomere length of about 3. 

An important factor in obtaining good fibres is the condition of the frogs; these should be pro- 
vided with food and must be free from obvious infection; they should not be thin or deficient in 
blood. 

Solutions 

The composition of the Ringer’s fluid was the same as that described by Adrian (1956). Tracer 
solutions were of similar composition except that the solution used for loading with “*K contained 
5 ma-K instead of 2-5 mm-K. 

In those experiments in which the total K and Na were determined by activation analysis, the 
fibre was washed with choline-Ringer’s fluid containing 3 mm-Na phosphate buffer (for K analysis) 
or 1-46 mm-K phosphate (for Na analysis). It might have been better to use the latter solution 
throughout, since it turned out that the extracellular Na in the first solution was large enough to 
upset the estimate of fibre Na, whereas the extracellular K in the second solution was small in com- 
parison with the fibre K. However, since the measurement of K efflux depended on estimating the 
internal K, we thought it best not to compromise these measurements by possible contamination 
with extracellular K. 

™“Na-Ringer’s fluid was prepared from ‘Specpure’ (Johnson, Matthey and Co. Ltd.) or Analar 
*Na,CO, by adding a slight excess of 2n-HCl, evaporating to dryness, heating for 1 hr at about 
120° C, weighing and finally adding the normal constituents of Ringer’s fluid (for further details 
see Keynes, 1954). “*K solutions were made in the same way, except in two experiments in which 
**KCl was prepared by a 2-day irradiation of eiectromagnetically separated **KCl. In these cases 
the tracer solution contained small quantities of *S and **P; however, tests made both on the fibre 
and on the fluid collected from it showed that the counts originated from **K, since the radioactivity 
decayed with the right half-life (12-5 hr) and there was no measurable quantity of a long-lived 
component (**S has a half-life of 87 days and *P one of 14 days). The pH of all tracer solutions was 
checked with bromthymol blue; it was always close to 7-2. 

The “Na-Ringer’s solution could safely be used without dilution in those experiments in which 
the fibre was exposed to the tracer for periods of 2-10 min. However, when the undiluted tracer 
was applied for longer than about 30 min, it caused an irreversible rise in Na-influx and in extreme 
cases # loss of excitability. This was surprising, since undiluted *Na-Ringer’s fluid had no adverse 
effect on a sartorius muscle and solutions prepared in a similar way have been used many times in 
this laboratory both with muscle and with cephalopod axons. On a few occasions, and for no 
obvious reason, “Na solutions caused loss of excitability in Sepia axons, but in the great majority 
of cases both “Na and “*K solutions had no harmful effects on this preparation. Apparently single 
muscle fibres are more sensitive to whatever toxic agent is present in the tracer solutions. The indi- 
cations are that the toxicity did not decline as *Na decayed and in the slowness and irreversibility 
of the action the effect resembles that produced by traces of a heavy metal. A possible explanation 
of the sensitivity of single muscle fibres is that the toxic agent may be adsorbed on to extracellular 
material which is present in larger amounts in whole muscle. At all events, it was plainly un- 
profitable to apply neat tracer for long periods, and after wasting much time we decided to dilute 
the solution five- or twentyfold with inactive Ringer’s fluid in those experiments in which it was 
necessary to apply the tracer for more than about 10 min. 

Since the “K solutions contained only 2-5 or 5 mu-K they were relatively dilute and no ill effects 
resulted from prolonged exposure to these solutions. 
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Influx measurements 
The apparatus developed by Keynes (1951) had to be modified, because single muscle fibres are 
liable to be damaged when they are transferred through a water-air interface. Fig. 1 illustrates 
the method employed. When this apparatus was filled to the top with Ringer's fluid, the fibre could 
be transferred under fluid from one compartment to the other, for example from the influx cell on 
the left to the observation cell on the right. 


Glass probe 
Suction Suction | 
n 1 A 
Observation 
Perspex Fibre Perspex 
---4---- --Datum 
fluid 


Bottom of Ends of Inlet for 
V-shaped platinum Ringer's 
groove wires fluid 


Fig. 1. Simplified diagram of apparatus. Channels A and B are square in section, with 4 mm sides. 
Channel C is V-shaped and 4 mm deep. The mica was 0-1 mm thick. The width of the upper 
part of each cell was 12:7 mm. The ends of the platinum wires were flush with the walls of the 
V-shaped groove. The diagram does not show the shutter for closing the window above the 
Geiger counter nor the main lead shield round the counter. Mechanical arrangements for 
lining up and transferring the fibre are also not shown. The efflux cell was similar in design to 
the influx cell except that there was no inlet for Ringer’s fluid. Appropriate parts of both 
cells were waxed in order to localize the puddle of fluid in the V-shaped groove. The forceps 
were also coated with wax. 


At the beginning of an experiment the apparatus was filled with Ringer’s fluid and the fibre was 
placed in the right-hand compartment. The tendons were gripped in forceps and the fibre was set 
horizontal by adjusting the brass bar to which the forceps were attached. The fibre was then set 
Opposite a horizontal datum in a fixed horizontal microscope, and a glass probe, which was 
mounted on'a micrometer attached to the brass bar, was lowered along a vertical axis until its tip 
was opposite the centre of the fibre. By operating the main vertical control, the fibre was lowered 
to a standard position in which it was about 0-2 mm above the mica bottom of the observation cell. 
The exact height at which the fibre was set was determined by raising the probe with the micro- 
meter until the tip of the probe was opposite the cross-wire in the microscope; in subsequent opera- 
tions the fibre was always set at the same height by placing the tip of the probe opposite the cross- 
wire. Exact location of the fibre and of the capillary tube used in calibrating was particularly 
important in experiments with “Na, because the counting rate declined about 10% for each 70u 
of fluid between the fibre and the counter. 
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In order to measure influxes, the fibre was transferred under fluid to the left-hand compartment 
and lowered to the bottom of a V-shaped groove. The fluid in the cell was then drained until only a 
small quantity remained in the bottom of the groove. Tracer solution was next applied from a 
syringe until it filled the groove; this operation took a few seconds and defined the start of the 
influx period. The fibre was raised slightly from the bottom of the cell and in some cases stimulated 
through platinum wires. After a certain time most of the tracer solution was removed into 
another syringe and stored for subsequent counting. A few seconds later a flow of inactive Ringer’s 
fluid was started; this washed away the tracer and defined the end of the influx period. About 
30 sec later the whole apparatus was once more filled with Ringer’s fluid, the flow being all the 
time from right to left in order to prevent radioactive ions reaching the observation cell. The fibre 
was then transferred to its original position above the Geiger counter and, after lowering the level 
of fluid, the influx cell and all vessels containing tracer were removed to another room. The whole 
operation of transferring the fibre was carried out by racks or screw adjustments and setting up 
was accelerated by mechanical stops placed in appropriate positions. 

In the later experiments the stimulating electrodes were 1-6 cm apart whereas the window above 
the Geiger counter was 1-0 om wide. Hence, changes in influx produced by stimulation can safely 
be ascribed to propagated action potentials and not to local effects near the electrodes. 

Samples of the radioactive fluid taken at the end of the soaking-in period were found to have the 
same radioactivity as the initial tracer solution. Evaporation or dilution with the small residue of 
inactive Ringer's fluid is therefore considered unimportant. 

The apparatus was calibrated by filling capillary tubes of external diameter approx. 100, and 
internal diameter approx. 60, with tracer solution and placing them in exactly the same position 
as the fibre (as in Keynes, 1951, 1954). The test was always done in duplicate and sometimes addi- 
tional measurements with larger tubes were made. After the tubes had been counted they were 
cut and the internal cross-section was determined with a microscope. 


Precautions in “Na experiments 

In two of the early experiments with “Na the tendons were left with the ends of damaged fibres 
attached to them. In these experiments it was found that the curve for loss of “Na had two com- 
ponents. There was first a rapidly lost component, with a half-time of a few minutes, and then the 
usual slow component with a half-time of 30-60 min. Stimulation increased only the slow com- 
ponent. In the second of these experiments a blank influx measurement, made with the fibre 
removed but with the tendon and damaged fibres attached to the forceps, showed that the slow 
component had disappeared but that the rapid component was still present. Since there was no 
material over the window above the Geiger counter it was clear that the counts observed in the 
blank run were due to y rays from “Na in the tendons or dgmaged fibres. In subsequent experi- 
ments all damaged fibres were removed, the tendons were gripped as close to the fibre as possible 
and the ends protruding beyond the forceps were cut away. With these precautions the rapid com- 
ponent was either absent or so small as to be of doubtful significance. Further evidence that the 
tendons were not contributing to the measured radioactivity was obtained by tests described in 
the next paragraph. 

One cf the difficulties in working with a preparation as small as a single fibre is that y rays from 
traces of *Na on the forceps or on other parts of the apparatus can raise the background against 
which the radioactivity in the fibre is measured; 8 rays are stopped by the metal shield or by the 
Ringer's fluid. Although the forceps were waxed and the uptake cell was removed, the danger was 
still present, and it was desirable to measure the background with the fibre in position. This was 
done by means of a brass shutter, 1-2 mm thick, which closed the window above the Geiger counter. 
With the shutter closed, 8 rays from the fibre were eliminated but y rays could still reach the 
counter. However, since y rays from the fibre or from a capillary filled with *Na were counted 
much less effectively than £ rays from the same source, this test provided a method of measuring 
the background. In most experiments the background did not rise but the counts with the shutter 
closed provided a useful check; they also indicated that the fibre and not the tendons was the 
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nent source of the measured radioactivity. In those experiments in which the background with forceps 
ily a and fibre removed remained at its initial value, it was found that closing the shutter reduced the 
m a counting rate of the fibre to the same extent (about twelvefold) as that of a uniform capillary filled 
‘the with “Na which was placed at the same height as the fibre. Since y rays from the tendon would not 
ated be affected by closing the shutter, the agreement indicates that the observed radioactivity was in 
into the fibre and not in the tendons. 
yer’s The K-influx measurements were carried out with the same precautions as those just described. 
out However, since the K* Ringer’s fluid contained only 2-5 mm-K and since only 18% of “@K disinte- 
the grations produce y-rays, difficulties resulting from contamination were much less acute than with 4 
“Na. 
see Measurement of K efflux 
hole After it had been loaded with **K the fibre was placed in a Perspex cell containing about 0-2 ml. 
; up of saline. Ringer’s fluid was let in at one end through a tap and was sucked off at the other end 
| into a collecting vessel. The fluid in the cell was changed every few minutes and a total of 6 ml. was_ 
ove collected in one sample; the flush at the end of the collecting period was not less than 3 ml. The 
fely radioactivity was determined with a liquid counter, using the arrangement described by Hodgkin 
& Keynes (1955). 
the In these experiments the muscle twitch was measured with the R.C.A. 5734 transducer con- 
3 of nected to one tendon; details of the arrangement will be given in a later paper. 
In one experiment the potassium efflux was determined in a cell similar to that described in the 
ind next section. 
"ae Measurement of Na efflux 
di. Counting rates from “Na, which has a softer § radiation than “*K, were too low to use a liquid 
ore counter and in other respects the procedure described in the previous paragraph would have been 
unsuitable for measuring Na efflux. Thus labelled Na is lost more rapidly from the fibre than 
labelled K and it would not have been possible to mount the fibre before much of the “Na had 
disappeared. The method adopted was to load the fibre with **Na in the influx cell, using the 
arrangement in Fig. 1, to transfer the fibre to the observation cell and then to replace the influx 
as cell by another cell which was of similar design to the influx cell, but was reserved for efflux pF 
| measurements. 
a Radioactive ions were collected from the fibre in a small pool of Ringer’s fluid in the V-groove at 
ite the bottom of the efflux cell. This pool was periodically sucked almost dry by a syringe, replenished 
a from another syringe, once more sucked out and again replenished. These operations were carried 
ne out as quickly as possible and the time at which the fluid was sucked out for the second time was 
“ae taken as the end of one collecting period and the beginning of the next. Samples were dried under 
+i. a heater and counted with an end-window Geiger counter in the usual way. 
ble Counting rates 
- *Na and “*K were prepared by A.E.R.E. in the Harwell pile ‘BEPO’ with a flux of 1-2 x 10" 
he neutrons/cm? .sec (pile factor 12). The isotopes were usually taken out of the pile early on Monday, i 
- and the experiment was normally started about 12 hr later. Table 1 gives the counting rates and f 
backgrounds of the different counting arrangements. i 
- When “*K was prepared from electromagnetically separated ‘'K instead of from the naturally 
st occurring mixture of isotopes, a fourteenfold increase in counting rate was achieved. (“K comes . 
he from “'K by an n-p reaction; natural potassium contains 6-9% “'K while the electromagnetically | 
» separated “'K is 97% pure.) Disadvantages of the method are first the expense, secondly, the small 
as quantity of tracer and thirdly, the reduction in accuracy of the method of activation analysis. ‘ 
5 “KCl was supplied by A.E.R.E. Harwell. i 
od Measurement of fibre diameter ! 
1g In all the experiments with “Na and in some of those with *K the fibre diameter was measured 
er at about ten points along the length of the fibre in both horizontal and vertical planes. These 
ne values were averaged and, in working out fluxes or concentrations, the fibres were considered to be 
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cylindrical. In an extreme case, where the major diameter of an elliptical fibre is twice the minor 
diameter, the approximation would over-estimate fluxes by 5% and would underestimate con- 
centrations by 11%. In most of the K-efflux experiments the fibre diameter was measured only in 
the horizontal plane; this may account for the high [K}, obtained in one experiment (p. 421). 


1. Counting rates and backgrounds 


*Na *K Background 
(counts/min per pmole) (counts/min) 
Fibre counter 1-8 0-40 9 
(1 cm window) 
Solid counter 2-8 0-47 6 
Liquid counter (1-0) 0-39 9 


Counting rates are at ‘Monday midnight’, i.e. 18 hr after shutting down pile, and are given in 
terms of the total quantity of element, i.e. carrier + isotope. The figures for **K are for samples 
prepared from naturally occurring potassium (6-9% “K); with “K made from “K (97% pure) 
counting rates were increased fourteenfold. 


Activation analyses 

At the end of the experiment the fibres were washed for 2-4 min in choline-Ringer’s fluid, cut 
away from the tendon and dried on a quartz thread. After the radioactivity remaining in the fibre 
had been determined the fibre was dropped into a quartz tube which was sealed and subsequently 
irradiated at Harwell. The procedure for measuring Na and K was similar to that described by 
Keynes & Lewis (1951). A higher pile factor (12) was employed and the dried fibre was counted 
separately from the dried washings of the quartz tube. This was necessary because empty tubes 
were found to contain a quantity of sodium which was not negligible in comparison with the fibre 
sodium. On the other hand, the potassium in the empty tubes was only about 1 % of the fibre 
potassium and could safely be ignored. The potassium content of the fibre, K,, was taken as K, + K, 
where K, was the quantity in the dried fibre and K, was the quantity collected from the walls. K, 
was sometimes only a few per cent of K, but higher values were often observed, so that this 
quantity could not be neglected. The Na originating in the fibre was calculated as K, x Na,/K,, 
where Na, is the quantity of Na in the dried fibre. The assumption underlying this method of 
calculation is that the dried fibre loses Na + K indiscriminately to the walis. 

The average internal K in twenty fibres was 13746 m-mole/kg H,O (mean and s.£.) and the 
average Na in twelve fibres from the same group was 26+ 3 m-mole/kg H,O. (The remaining eight 
fibres were washed with choline containing 5 mm-Na and have therefore not been included in the 
average.) Four fibres which were dried as soon as they had been dissected had an average potas- 
sium concentration of 139+ 7 m-mole/kg H,O and an average sodium concentration of 1542 m- 
mole/kg H,O. The high value of 26 m-mole/kg H,O for the over-all average sodium concentration 
is explained by the fact that many of the fibres had been isolated for long periods of time—some 
for 20 hr. 

When “K was made from electromagnetically separated “*K, allowance had to be made for the 
fact that the ratio of “‘K in the fibre was higher than in the potassium standards used to calibrate — 
the method of activation analysis. This could be done quite simply because the radioactivity at 
the end of the experiment gave the quantity of labelled K and hence the extra amount of “K in 
the dried fibre. 


RESULTS 
Experiments with “Na 
The effect of stimulation on Na influx 
Fig. 2 illustrates the effect of stimulation on the rate at which labelled sodium 


enters a single muscle fibre. The fibre was in flowing Ringer’s fluid above a 
Geiger counter except for three periods, each lasting 4 min, when it was 
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ninor exposed to “Na. It was at rest during the first and third periods and was 
ar stimulated at 1-56 c/s for 3 min in the second period. Visual observation under 
1), a a microscope showed that the fibre gave a brisk twitch at every stimulus. The 

| experiment shows that stimulation increased the influx about eightfold and 
that, after either a resting or a stimulated exposure, “Na was lost exponentially 
from the fibre with a time constant of 140 min (this is unusually long). 
4 min, 282 impulses 
200 ¢ 4 min, resting 
on in 
yure) | 
4 min, resting 
fibre 
ntly 
ited 
ibre 0 50 100 150 200 
ibre Minutes 
“RK, Fig. 2. Effect of stimulation on entry of “Na into a single muscle fibre. Abscissa, time; ordinate, 
K, quantity of labelled Na per unit length of fibre, log. scale. The vertical lines define the 4 min 
this periods during which the fibre was exposed to tracer; in the second period the fibre was 
K,, stimulated at 1-56 c/s for 3 min. 
i of The second and third lines have been drawn through the points by eye; the first has been 
drawn with the same slope as the second. Vertical bars in this and other figures are +2 s.z. 
Fibre A, diameter temp. 21° C. 
ee Since **Na is lost exponentially, it follows from the superposition principle 
m- that the gain in tracer per unit length will be related to the influx, M,,, 7 an 
ion equation similar to that used by Keynes (1951), that is 
me 
Ay=ye—yoexp —=2nal My exp‘—* de (1) 
or, when M,,, is constant, 
—t’ —t’ 
Ay =Yp — Yo (2) 
where y is the quantity of tracer per unit length of fibre, 

t is the time from the beginning of an exposure to tracer, lasting ¢’, 

a is the fibre radius and 
m 7 is the time constant for loss of tracer. 
aah Ay is the gain in tracer measured as the difference between y,, the quantity of 
AS Na* at ¢’, and the quantity remaining at time ¢’ from previous exposures. 
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For ¢’/7 <0-1, an approximation which holds with an accuracy of 0:2% is 


Ay (3) 


Equation (3) was used to calculate resting and stimulated influxes. In } 
calculating stimulated influxes one must allow for the increase in efflux result- 
ing from stimulation. For this purpose we used the results of the next section, 
which indicate a doubling of efflux and hence a halving of r for stimulation at 
1 c/s. However, the precise assumption made is not important since ¢’/2r was 


never greater than 0-1. 
TABLE 2. Effect of stimulation on sodium fluxes 
Fibre Resting Efflux per Net entry 
dia- influx impulset perimpulse Stimulation 
Fibre meter (pmole/ Influx (pmole/ (pmole/ frequency Number of [Na 
reference em* . sec) cm*. impulse) cm*.impulse) (shocks/sec) impulses min 
A 102 € 15-1 — 1-56 282 140 8-4 
0 
B 120 ll 1-56 228 70 
Cc 71 14-4 156 188 80 53 
D 120 3-5 21-2 — — 1-56 188 45 3-2 
3-6 24-6 0-78 234 
37 
E 80 15-T 6-25 225 63 68 
F 107 3-2 22-4 a 18-8 1-56 141 95 6-8 
3-6 1-56 188 
H 112 20 23-2 — 219 1:56 141 60 2-6 
13 1-56 141 
I 90 5-4 22-0 — 16-0 1-56 141 96 13-2 
—. 6-0 1-56 tal 
49 
J 92 48 240 _- 19-7 1-56 141 52 7-4 
— 4:3 1-56 141 
6-2 
9 36405 194415 1-84 180 78410 68410 
(A-J) 
Mean 100 40408 22904:04 38410 191412 1-56 146 76412 751422 
+ 8.8. 


+ Calculated on the assumption that resting efflux = resting influx. 
¢ Calculated from mean influx, time constant and fibre diameter by eqn. (7), units are m-mole/I. fibre. 7,,, is the averag 
exponential time constant for loss of Na in each experiment. 
Fibre B failed at the end of the stimulation and Z showed signs of fatigue; in the other fibres there was no obvious 
fatigue. All fibres were excitable at the end of the experiment. Fibre references are given in the order in which th 
experiments were done; G does not appear because it was used only for investigating the resting time constant. Tempera- 
tures 4, 21; B, 22; C, 18; D, 23; E, 23; F, 23; H, 21; I, 22; J, 21: mean 22° C. 


The results obtained from fibre A (Fig. 2) were that the first and third 
measurements gave resting influxes of 2-1 and 3-0 pmole/cm?.sec, while 
the second gave 20-3 pmole/cm?.sec for an average rate of stimulation of 
#x1-56. The extra influx per impulse was therefore 15-1 pmole/em?. The 


mean value obtained from ten experiments of this type was 19-4 pmole/cm* 
(Table 2.) 
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The effect of stimulation on Na efflux; the net entry of Na 
The object of these experiments was to estimate the entry of sodium asso- 


ciated with each impulse by measuring the effect of stimulation on the efflux 
of Na as well as its effect on the influx of Na. 


169 sec, 
141 impulses 
100 
~ 
478 sec, 
20 
Sere. pmole/cm per min 
3 SF 5 165 
4141 impulses 
3F 3 
2} 2 
0 50 100 150 200 250 300 


Minutes 
Fig. 3. Combined influx and efflux experiment using *Na. Abscissa, time. Ordinate, © quantity 
of labelled Na in unit length of fibre or @ quantity of labelled Na lost from unit length in 
unit time, log. scales. 

At 75 and 107 min the fibre was stimulated at 1-56 c/s for 90 sec; the times on the figure 
give the durations of the exposure to tracer or of the collecting period. Fibre J, diameter 
92, temp. 21° C. The straight lines through the points were those used in the calculations, and 
were drawn by eye. The lines were drawn with a change in slope at 130 min because the data 
for the final influx measurements were treated independently of earlier observations. 


The experimental procedure and the method of working out the results 
are illustrated by Fig. 3. The experiment began with determinations of the 
resting and stimulated influxes; these were found to be 4-8 pmole/cm*.sec and 
24-0 pmole/cm*. impulse, respectively. It will be seen that in this fibre the loss 
of Na* to inactive Ringer’s fluid is more rapid than in the fibre illustrated by 
Fig. 2. (The variation of time constant between different fibres is considered 
further on p. 415.) About 100 min after the beginning of the experiment the 
fibre was transferred under Ringer’s fluid to the efflux cell. The fluid round the 
fibre was removed every 3 min and was dried on a nickel dish. Five samples 
were collected and each was subsequently counted for 30-60 min; the fibre was 
stimulated while the third sample was being obtained and was at rest during 
the other four periods. The efflux of Na* in pmole/cm per minute was calcu- 
lated from the calibration factor of the counter, the length of the fibre, the 
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counting rate of each sample and the duration of each collecting period. These 
values are given by the filled circles in Fig. 3 and show that stimulation in- 
creased the efflux of labelled Na from the fibre. After 20 min in the efflux cell, 
the fibre was returned to its usual position above the Geiger counter for a final 
measurement of the resting influx. 


Before attempting to calculate absolute quantities, it is necessary to consider whether the *Na 
collected in an efflux experiment of this type is coming from the fibre or from the tendons. This 
question can be settled by comparing the rate at which the fibre loses *Na with the rate at which 
these ions appear in the external fluid. 

In the four experiments in which Na efflux was measured (Table 2, F—/) the amount of tendon 
was cut down to a minimum and the quantity of “Na in the remaining part of the tendon was 


reduced by loading with “Na with a short period of stimulation rather than by leaving fibres _ 


resting for a longer period in the tracer solution. When these precautions were taken, there was 
reasonable agreement between the quantity of **Na collected in a given time and that calculated 
from the rate of loss of fibre Na. In the experiment of Fig. 3 the upper line gives 72-5 pmole/cm of 
Na* in the fibre at 100 min. Since the time constant was about 45 min the efflux expected is 
1-61 pmole Na*/cm.min. The value obtained by collecting “Na was 2-0 pmole Na*/cm.min or 
1-24 times that calculated from the fibre Na*. Ratios found in the other three efflux experiments 
in Table 2 were 1-13, 0-99 and 0-93, the mean in all four experiments being 1-07 and its standard 
error 0-07. Since there was good evidence that cleaned tendons did not affect the fibre counter (see 
p. 408) it is reasonable to conclude that in these four experiments the method of collecting “Na 
was a valid way of measuring the efflux. 


Although stimulation consistently increased the efflux of labelled sodium, 
the change was smaller than the corresponding change in influx. On the 
average, the extra influx associated with one impulse was equivalent to 5-6 sec 
of resting influx while the extra efflux associated with one impulse was equiva- 
lent to 1 sec of resting efflux. This means that uncertainty about the absolute 
value of the efflux will not have much effect on estimates of the net entry of 
sodium. An approximate value for the extra efflux was obtained by assuming 
that the fibres were in a steady state and that the resting efflux was equal to 
the measured value of the resting influx. On this basis the extra efflux of 
sodium associated with each impulse was found to average 3-8 pmole/cm? as 
against 22-9 pmole/cm? for the extra influx measured in the same fibres. The 
net entry of Na was therefore 19-1 pmole/cm?. Ifthe influx per impulse obtained 


by averaging all the experiments is considered to be a more reliable estimate, 
the net entry becomes 15-6 pmole/cm?. 


Kinetics of Na exchange in resting fibres 
The loss of Na* to inactive Ringer's fluid. As has been mentioned on p. 408 a 
rapidly lost component of Na* was prominent in two experiments in which the 
tendons were left with the damaged ends of fibres attached to them. In the 
remaining experiments, in which the tendons were cleaned, the rapid phase 
was not detectable when Na* was introduced by stimulation and was very 
small or absent when it was introduced into resting fibres. After about 15 min 
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Na* was always lost according to an exponential law. Deviations at earlier 
times may be caused by the presence of small quantities of connective tissue or 
other debris attached to the fibres. Fig. 4 gives the results obtained in the 
majority of experiments (see also Figs. 2 and 3); less complete results not 
included in Fig. 4 gave an equally good fit with an exponential law but over a 
smaller range. 


Na* 


P 

115s 4 

3 

2 

K5R K5r 
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M3R 
) 50 100 150 200 
Minutes 


Fig. 4. Loss of “Na from single muscle fibres to Ringer’s fluid. Abscissa, time after removing 
external “Na. Ordinates, counting rate of fibre on logarithmic scale. The scales are the same 
for all the lines but the vertical position of each line is arbitrary. The straight lines have been 
drawn by eye through the points. Vertical bars are + 2 s.z. The first letter is the fibre reference 
(see Tables 2 and 3); the number gives the duration of the exposure to “Na (min); the final 
letter indicates whether the fibre was at rest (R) or stimulated (s) during the exposure to 
tracer. Fibre G was 108, in diameter and at a temperature of 23° C; other fibre diameters and 
temperatures in Tables 2 and 3. Note that lines for fibres A, J are given in Figs. 2 and 3. 
Fibres C and D ( @) had large tendons with damaged ends of other fibres attached and gave an 
initial rapid loss of Na; this was more conspicuous after résting exposures, which are not 
shown here. 


The data in Fig. 4 and in Tables 2 and 3 show that the time constant for loss 
of Na* varied greatly from one fibre to the next. The geometric mean in all 
fibres was 88 min and the extremes were 40 and 250 min. There is some correla- 
tion between time constant and fibre diameter but this is only significant 
if fibres K and L are included and the range of time constants was much greater 
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than the range of diameters. It is not known whether the variation is due to 
differences between individual fibres in one muscle or to differences between 
one frog and another. Fibres with both long and short time constants remained 
excitable for as much as 24 hr and there was no evidence that one type of fibre 
was ‘better’ than the other. 

In spite of the variation between fibres, the time constant in any one fibre 
did not change greatly. At the end of a long experiment, or in those cases 
when the fibre was known to be deteriorating, the time constant usually de- 
creased (see Table 3). This change was correlated with a marked increase in Na 
influx and was usually followed by loss of excitability. Apart from this some- 
what unphysiological effect there was no obvious change in time constant 
during the course of an experiment. The time constant was also little affected 
by previous stimulation. This is shown by calculating 7,/,/(7,73) where 7, and 7, 
are the time constants after the first and third exposures, in which the fibre 
was at rest, and 7, is the time constant after the second exposure, in which the 
fibre was stimulated. The average value of this ratio is 0-95+0-07 (s.z. of 
mean), which is not significantly different from unity. The time constant 
appeared to be unaffected by the duration of the previous exposure to tracer 
(see Fig. 4 and Table 2). | 

Uptake of *Na by resting fibres; the internal sodium concentration. If the 
volume of the fibre is constant, the average concentration of sodium in the 
fibre, [Na,], must obey the equation 


where M,,, and M,,, are influx and efflux respectively; S is the surface and v 
the volume of the fibre. If the movements of sodium are limited by the surface 
membrane and if the internal sodium is mixed rapidly by diffusion the con- 
centration of labelled sodium, [Na*], will be given by 


at [Nac] Mow | (5) 
where [Naf] and [Na,] are the concentrations of labelled and total sodium in 


the external fluid and [Na¥] and [Na,] are the corresponding quantities in the 
fibre. | 


The applicability of this equation to single fibres is supported by the obser- 
vation that when [Na$] is zero, [Naf] declines according to the equation — 
[Naf] exp —t/ry,- 
However, this finding does not prove that the fibre is in a steady state. The 
time constant for loss of Na¥ to inactive Ringer’s fluid is given by 


TNa= (6) 
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If Mout 18 proportional to [Na,], as was found by Hodgkin & Keynes (1956) in 
cephalopod axons, then ry, is independent of [Na,] and the loss of Na¥ will be 
strictly exponential even though [Na,] is increasing. On the other hand, if 
both M;, and 7x, are found to be constant over periods long compared to ry, , it 
follows that [Na,] is also constant and that the influx is equal to the efflux. 
Since both influx and time constant changed little during the first few hours of 
an experiment it seemed reasonable to equate efflux and influx and to calcu- 
late the internal sodium concentration by means of the relation 


[Na] S/. (7) 
The internal sodium concentrations in Table 2 were estimated on this basis and 
give the concentrations in millimoles per litre of fibre (m-mole/l.). To convert 
these figures into concentrations in the fibre water (m-mole/kg H,O), they 
should be multiplied by 1-23. This factor is the ratio of the fibre volume to the 
fibre water, calculated from the density of frog muscle (Hill, 1931) and the 
values of extra- and intracellular water given by Boyle, Conway, Kane & 
O’Reilly (1941) for the frog’s sartorius muscle. 

Since the influx at the end of a long experiment was often higher than at the beginning, it is clear 
that the steady-state assumption is not strictly valid. The error introduced by the assumption may 
be estimated by supposing that the influx increases linearly with time at a rate «. For large values 
of t, the appropriate solution of eqn. (4) then becomes 

(Nay), = (Mig): — 8/0- (8) 

The values obtained by averaging all the experiments are « = 1-2 x 10~* pmole/cm?.sec*, ry, = 
90 min, v/s+25y and M,,+3-5 pmole/cm*.sec. Using these values, the first term, corresponding 
to the steady-state approximation, is 7-5 m-mole/l. and the second 1-4 m-mole/l. With the same 
values, M,..,/M,, =0-82 instead of 1-0 as assumed in the steady-state approximation. The error 
may be less in most of the experiments because the mean value of « is doubled by high values in 
fibres B and M. 


A fibre in a steady state should gain labelled Na according to eqn. (9) when 
exposed to a solution in which [Na*]=[Na,] 


Sr t t 
[Naf], = Min (1 (9) 


where (Na*),_,, is the internal concentration of labelled Na at the beginning of 
the period in Na*; this is equivalent to eqn. (2). 

The object of the first experiment in Table 3 (fibre M) was to test eqn. (9) in 
the region where the gain of Na* is roughly proportional to time. The influx 
increased steadily during the experiment, but was not obviously affected by ten- 
fold change of the duration in Na*. Thus the influx calculated from a 31 min ex- 
posure (9-0 pmole/cm?.sec) was close to the value of 8-6 obtained by averaging 
the results of the preceding and following 3 min exposures. This experiment 
together with less complete measurements made on other fibres indicates that 
Na* rises linearly with time if t/ry, is small. The second and third experiments 
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in Table 3 show the effect of longer exposures. Unfortunately these two fibres 
happened to have very long time constants, so that the experiment occupied 
10-12 hr. It is therefore not surprising that the influx at the end of the experi- 
ment was about twice its initial value. The rise in influx makes an exact com- 
parison difficult, but the influxes calculated from the 508 or 525 min exposures 
seem very reasonable, since they lie between the preceding and following 
values but are somewhat closer to the latter. 

These two experiments provide a means of checking the value for exchangeable sodium calcu- 
lated on the steady state assumption. At 1230 min in the second experiment the total concentra- 
tion of labelled Na was 24-2 m-mole/l. The concentration of unlabelled Na left in the fibre at this 


Tasiz 3. Exchange of sodium using short and long exposures to tracer 


II It Vil 
I Time from Duration IV [N [Na,] 
of in™Na Vv vad end of 
reference solution (pm expt. 
diameter (min) (min) cm* . sec) (nin) calculated (m-mole/I.) (m-mole/l.) 
, 129 3 3-9 7-9 
239 9 4-6 (101) 9-6 — sled 
104 
M 357 3 6-8 (112) 15-7 — _ 
119 
458 3lt 9-0 20-4 
603 3 10-4 19-6 
362 5 3-3 (260) 14-0 — ak 
260 
257 
1230 6-9 (238) 26-5 24-2 
5 
1383 10 7-9 (215) 27-7 _— 
1449 — — 26 
160 5 19 (212) 7-4 
350 5 3-6 (206) 13-7 
199 
K 497 5 3-7 (201) 13-8 a — 
603 508} 
1lll 5-2 (179) 17-2 16-5 
1327§ 10 6-0 (154) 17-2 — -— 
114 
1463 — — {46} 


Column IV is the influx calculated by eqn. (9). V is the exponential time constant for loss of 
*Na; values enclosed with ( ) were used in calculating column VI; { } indicates that the fibre was 
inexcitable. VI is the internal sodium concentration calculated by eqn. (7). VII is the concentra- 
tion of labelled sodium (in terms of the diluted solutions) in the fibre after a long exposure to 
tracer. VIII is the internal concentration at the end of the experiment determined by activation 
analysis. All concentrations are given as m-mole per litre fibre; temp. 19-20° C. 

t, Tracer diluted fivefold. {, Tracer diluted twenty-onefold. Fibres M and L were excitable at 
the end of the experiment. §, Became inexcitable between 1327 and 1463 min. 
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time was caloulated, from the unlabelled Na at 705 min and the time constant, to be 1-2 m-mole/I. 
Hence the total sodium concentration is estimated as 25-4 m-mole/l. The concentration obtained 
from equations (7) and (9) is 26-5 m-mole/l. Since there was little unlabelled Na left in the 
fibre, these two values necessarily agree fairly closely. However, a check is provided by the fact 
that a subsequent 10 min exposure gave an influx and time constant which, on the steady state 
assumption, correspond to an internal sodium concentration of 27-7 m-mole/l. The conclusion is 
that although the influx and internal sodium concentration may increase slowly during the course 
of a long experiment this does not have any serious effect on the method of calculating internal 
sodium concentrations by eqn. (9). 

At the end of each experiment in Table 3, the fibre was washed in Na-free choline-Ringer’s 
solution for 3 min and subsequently analysed for Na and K. Fibre K was inexcitable and swollen 
at one point and the sodium concentration was much higher than that calculated from tracer 
measurements made while the fibre was still excitable. In each of the other two experiments, in 
which the fibre was excitable just before it was cut out, there was good agreement between the 
sodium concentration measured analytically and that calculated from the influx and time constant. 
Setting aside the result obtained on the inexcitable fibre, the conclusion is that most of the sodium 
in fibres which have been isolated for some time is free to exchange with sodium ions in the external 
solution. The only evidence about freshly isolated fibres is that four fibres, dissected within about 
2 hr, gave total internal sodium concentrations of 11, 10, 11 and 18 m-mole/l. These fibres were 
isolated from the same batches of frogs as those in Table 3 which gave 7-14 m-mole/l. for the total 
exchangeable Na at the beginning of the experiment. 


These results are consistent with most of the sodium in fresh muscle being 
exchangeable, but are neither sufficiently extensive nor sufficiently accurate to 
show whether it is all exchangeable. For information about whole muscle 
reference should be made to Keynes (1954), who concluded that all the sodium 
in the toe muscle was probably exchangeable (the tendons were removed before 
analysis), to Carey & Conway (1955), who found some inexchangeable sodium 
in the sartorius muscle, and to Harris & Steinbach (1956) who showed that a 
small gaantity of tightly bound sodium was concentrated in the ends of the 
muscle, suggesting that this component is present in tendons or connective 
tissue. 

Experiments with 
The effect of stimulation on K efflux 

After the fibre had been soaked for several hours in a solution containing “K 
it was transferred to the efflux cell. The fluid round the fibre was changed every 
few minutes and 6 ml. samples containing the “K which had emerged from the 
fibre were counted in a liquid counter. From time to time the fibre was stimu- 
lated, usually with about 200 impulses at frequencies of 0-78-12-5 c/s; this 
caused a large and reversible increase in potassium efflux (Fig. 5). In five 
experiments the twitch tension was measured with a transducer; in the sixth 
experiment the twitch was observed under a microscope. The measurements 
with a transducer showed that the twitch tension was well maintained with the 
stimulation employed. At the end of the experiment the mean fibre diameter 
was determined, the fibre was washed for 2 min in K-free choline-Ringer’s 


fluid, cut away from the tendons and dried on a quartz thread. After measuring 
27-2 
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the radioactivity remaining in the fibre, it was stored in a quartz tube and 
subsequently analysed for Na and K by the activation method (see p. 410 and 
Keynes & Lewis, 1951). From the quantity of “K remaining in the fibre at the 
end of the experiment and the amounts collected during the experiment, the 
quantity of labelled K at any particular time could be found without difficulty. 
The ratio Efflux “K : Fibre ““K was then calculated and is plotted as the ordi- 
nate in Fig. 5. The ratio, which gives the fraction of “K lost per minute, 


Cc 
375 impulses, 
per sec 
0-008 |- A D 
188 impulses, 188 impulses, E 
343 per sec 270 impulses, 
50 per sec 
0006+ 
,= 0005 }-— 
x 
* B 
0004/- 188 impulses, 
3 0-78 per sec 
& 0003+ 
0002; 
0-001 F- 
0 50 100 150 
Minutes 


Fig. 5. Effect of stimulation on K efflux. Abscissa, time. Ordinate, fraction of labelled K lost per 
minute. The frequencies of stimulation and the total number of impulses are shown on the 
graph. The durations of the collecting periods and of the stimulation were as follows: A, 
120 sec collect, 60 sec stimulation; B, 360, 240; C, 120, 30; D, 120, 60; #, 120, 5-4. Fibre P, 
diam. 138, temp. 17° C. Vertical bars are +2 s.x. 


remained fairly constant in a resting fibre, as is to be expected if the loss of 
labelled K follows an exponential law. Its magnitude was usually about 
2x 10-* min~'; this corresponds to a time constant of 500 min and to a potas- 
sium efflux of 10 pmole/cm?.sec (Table 4). As one would expect, the ratio was 
independent of the duration of the collecting period. In the experiment of 
Fig. 5, a 2 min collection at 130 min gave a fractional rate of loss which was not 
significantly different from that found with the ensuing collecting period of 
10 min. This control, which was repeated on several occasions, indicated that 
the measurement of efflux was not upset by altering the collecting period. 
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The method of working out the potassium efflux associated with each im- 
pulse is illustrated by the following example. During the first period of stimula- 
tion in Fig. 5, the fibre was stimulated for 1 min at 3-13 c/s and fluid was col- 
lected for 2 min. The fractional loss of “K per minute during this period was 


Tas_z 4. Effect of stimulation on potassium efflux 
Resting Effi Stimulation 
Dia- Tem- efflux r 
Fibre meter perature (pmole/ (pmole/ cy No. of T 
reference (°C) em*.sec) cm*. impulse) ( jsec) impulses (min) (m-mole/1.) 


N (75) (14) (8) (20) (0-78) (156) (316) ann 

0 121 18 10-9 13-1 0-78 210 444 cree 

13-3 9-5 0-78 * 86 364 die 

15-0 1-56 218 435 

11-5 14-8 3-13 236 420 96 

P 138 17 7-7 13-3 3-13 188 595 i 

14 10-8 0-78 188 617 —_ 

7-4 12-5 375 617 

8-1 12-3 3-13 188 562 a 

8-1 7-3 50 270 560 79 

Q 74 16 12-9 6-7 12-5 188 398 _ 

12-9 10-5 0-78 234 398 — 

12-9 9-5 3-13 281 398 Seis 

12-9 12-2 0-78 234 398 167 

R 94 19 8-8 6-2 12-5 192 370 — 

0-78 211 400 

(4-4*) (11-6*) (0-78) (211) (750*) _ 

78 (211) 455 84 

V 90 20 10-6 10-0 3-13 162 394 a8 

10-6 12-6 3-13 125 394 111 

Mean 103 18 10-2 10-5 5:7 211 440 107 

Mean, ex- one 11-4 1-84 198 
cluding 50/sec | 

and 12-5/sec 


Values marked * in fibre R were obtained in K-free Ringer’s fluid; elsewhere 2-5 mm-K Ringer's 
fluid was employed. The potassium concentration was not measured in fibre N and the effluxes were 
calculated by assuming [K,]=100 m-mole/l. Figures in parentheses were not included in the 
averages. Fibre ‘0’ was a preparation consisting of two fibres with diameters 119 and 123 1; these 
fibres were joined to the same tendon, but were separate over their entire lengths. All other pre- 
parations were single fibres. Effluxes were calculated by the method given in the text. 7, is the 
exponential time constant for loss of K*. [K,] is expressed in m-mole/I. fibre. 


6-25 x 10-8 as against 1-68 x 10-* for the resting loss at this time. The fraction of 
“K lost in each impulse is then 


(6-25 x 10-8 — 1-68 x 10-*) min! x 2 min — 4:86 x 10-5. 


188 


At the end of the experiment, the fibre, which was 1-98 cm long and had a mean 
diameter of 1384, was found to contain 23,500 pmoles of potassium; this 
corresponds to a concentration of 79 m-mole/l. fibre or 96 m-mole/kg H,0. 
Assuming that all the potassium is exchangeable and that the quantity in the 
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fibre remained constant during the experiment, the potassium efflux per 
impulse is then 


4-86 x 10-5 x 23,500 
a x 0-0138 x 1-98 


The resting efflux is 


1-68 x 10-3 x 23,500 
60 x w x 0-0138 x 1-98 


= 13-3 pmole/cm* impulse. 


pmole/cm®. sec. 


Values obtained in a similar manner in other experiments are given in 
Table 4. Except in the last experiment, the fibre diameter was measured from 
above but not from the side; this may account for the variation in the calcu- 
lated value of [K,], since the latter is inversely proportional to the square of 
the diameter. This source of error is not thought to have had a serious effect on 
the average potassium efflux because (i) only the first power of the diameter 
enters into the efflux calculation, (ii) the mean potassium concentration, 
107 m-mole/l. or 132 m-mole/kg H,O, seems reasonable in fibres measured 
6-10 hr after dissection. Adrian’s (1956) value for fresh sartorius muscle is 
139 + 2 m-mole/kg H,O; and we obtained 139 + 7 m-mole/kg H,O on the four 
freshly isolated fibres which were analysed and 137 + 2 m-mole/kg H,0 for the 
over-all average on 20 fibres. 

The measured potassium loss per impulse was fairly constant for stimulation 
frequencies between 0-78 and 3-13 c/s but apparently declined somewhat at 
12-5 and 50 c/s. For the purpose of comparing the sodium and potassium 


movements the results at lower frequencies are considered to be more reliable. 


The time resolution of the tracer measurements was limited partly by count- 
ing rates and partly by the time needed to change the fluid round the fibre and 
collect samples. The best time resolution was achieved in fibre Q. Here the 
fibre was stimulated for 15 sec at 12-5 c/s and fluid was collected for two periods 
each of 20 sec duration, the first starting at the beginning of the 15 sec period 
of stimulation. The quantity of K collected in the first period gave a mean 
efflux of 77 pmole/cm*.sec as against 12-9 pmole/cm*.sec for the. resting 
efflux. The mean efflux in the 20 sec period after the stimulation was 14 + 
7 pmole/cm*.sec. Another experiment gave an efflux less than thé resting 
value during a 30 sec period following stimulation but the difference was again 
not statistically significant. The conclusion is that most of the K lost during 
activity appears in the external fluid within a few seconds. However, owing to 
the low counting rate of the samples, these two experiments did not exclude a 
loss of K spread out over 5-10 min after a period of stimulation. Since there 
were indications of such an effect (for example, in Fig. 5) post-stimulation 
values were excluded in estimating the resting efflux. If they had been included 
with other resting values, the average loss per impulse would have been reduced 
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from 11-4 to 10-8. On the other hand, if the extra efflux during the post- 
stimulation period is regarded as a delayed loss and included with the stimu- 
lated period, the total loss per impulse is increased, on the average by 5-10%. 

Loss of “K to a K-free solution was examined in fibre R (Table 4). In this 
solution there can be no K influx and the efflux observed with tracers should 
correspond to the net outward movement of potassium. The result was that 
whereas removing external potassium reduced the resting efflux to about one 
half, it apparently caused a slight increase in the potassium lost during 
activity. The effect of removing K on the resting efflux was rapid and reversible. 


The effect of stimulation on K influx; the net loss of K 

Five experiments were carried out by the method used for investigating 
sodium influx (Table 5). The results show that stimulation was associated with 
a small increase in potassium influx. The average value for the extra influx was 
1:8 pmole/cm* per impulse as compared with 11-4 pmole/cm? per impulse for 
the extra efflux. The net loss of K is therefore estimated as 9-6 pmole/cm? per 
impulse. A net loss of 9-4 pmole/cm* was obtained in the one experiment in 
which the stimulated influx and efflux were both measured on the same fibre 


(Fig. 6). 


Tas_e 5. Effect of stimulation on K influx 


Fibre diameter Temp. (pmole/ Number of 
reference (°C). em*.sec) cm*.impulse) (shocks/sec) impulses 
8 113 ‘ss 3-4 2-4 3-13 180 + 155 
T 121 21 5-4 1-7 3-13 167 + 159 
U 98 20 6-2 2-4 3-13 176 
V 90 20 78 1-9 3-13 145 
W 137 20 4-2 0-7 3-13 188 
Mean 112 20 5440-8 1840-3 3-13 167 


In fibres S and 7' two periods of stimulation separated by about 30 min were employed. Except 
in S resting influxes are the average of measurements made before and after the ‘stimulated’ 


period (see Table 6). 
Kinetics of K exchange in resting fibres 

Evidence that labelled K is lost in an exponential manner is provided by the 
observation that there is a straight line relation between log [Kf] and time 
(Fig. 6) and that ca ae); is constant (Fig. 5 and Table 4). Results such as 
those in Fig. 6 indicate that the exponential relation holds at times which are 
small compared to the time constant for loss of K. The time constant derived 
from the fibre counts 5-25 min after the 60 min exposure is 435 min, with a 
standard error of 60 min. This is not significantly different from the value of 
395 min (+5) calculated from the efflux measurement. Although counting 
errors make it difficult to estimate 7,, in the early part of Fig. 6 it is clear that 
“K taken up in very short exposures is also lost with a long time constant 
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(rg > 300 min, P=0-05). These results are consistent with the view that 
exchange of potassium is limited by a single barrier, such as the surface mem- 
brane, but not with the view that diffusion within the fibre is the limiting pro- 
cess. If internal diffusion were limiting, labelled ions would not penetrate far 
during a short exposure and would therefore leave the fibre at a relatively rapid 
rate when the external tracer was removed. 


1000 


E - 
obo 4 600 
400+ resting A400 
256 sec, 
resti 
200} 4 200 
133 sec, 
145 imp. 
100 A | 
152 sec, ~> 
resting 
60F F 
161 sec, : 
162imp. §G 4 
20 42 
vi 
0 100 200 300 400 
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Fig. 6. Combined influx and efflux experiment using “K prepared from “‘K. Abscissa, time. 


Ordinate © x + quantity of K* unit per length of fibre (pmole/cm, © measured with fibre 
counter; x measured with solid counter on dried fibre at end of experiment; + calculated by 
adding K* collected to K* at end of experiment. @ rate of loss of K* per unit length of fibre 
(pmole/em per minute) obtained by collecting K* and measuring with a liquid counter. 
Treatment, A—D exposures to 2-5 mm-K* Ringer’s fluid; A, C, D resting, B stimulated at 
3-13 c/s for 46-5 sec. The duration of the exposures is shown on the figure. Z, fibre transferred 
to efflux cell. F, collection period of 161 sec, stimulation for 52 sec at 3-13 c/s. G, collection 
period of 207 sec, stimulation for 40 sec at 3-13 c/s. The lines through the points are all drawn 
with a slope of 2-54 x 10-* min-'; the ratio of line VI to line V is also 2-54 x 10-* min=. The 
discontinuity at Z must have arisen from a combination of errors, in the calibrations of the 
three counters, in setting the height of the fibre and in measuring its length, and from the 
assumption of a uniform cross-section. Vertical bars are +2 s.z. Fibre V, diameter 90,, 
length 1-6 cm, temp. 19-6° C. 
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_ A corollary to the exponential loss of “K in inactive Ringer's fluid is that 
labelled ions should be taken up from radioactive solution according to eqn. (2); 
for t/rg small, the increase in concentration should be proportional to time. 
Observations relating to this point are collected in Table 6. They show that 
uptake starts in an approximately linear manner and that influxes calculated 
by equation (2) are reasonably constant. Such differences as do occur may be 
attributed to counting errors or to a change in the condition of the fibre. The 
last column shows that a much greater variation would have to be postulated 
if uptake is assumed to be proportional to ,/t. 


TaBLe 6, Uptake of ““K by resting fibres 


Duration of 
exposure ux 
Fibre diam. Interval 7 a(KF] (pmole/ 100 
reference (min) (min) (min) (m-mole/l1.) . sec) Jt 
8 113 90R28 1-95 0-13+0-04 3-1 942-3 
64-12 5294016 40 i601 6642 
T 121 120n2s 2-0 0-234002 657 10-4 16+1 
8-0 0-60 + 0-05 38 +03 2142 
ca. 600 
U 98 100R18 3-0 0444004 60 i106 2543 
660 6-0 0-97 0-06 6-6 +0-4 39+2 
10-0 1494007 62 +03 47+2 
V 90 80R 18 2-53 0-54+40-01 8-1 +01 3440-4 
50 427 - 0764001 675401 37+0-6 
60 9-6440-03 6554002 124404 
394 
W 137 80R1 1-93 0-1440-01 42 1041 
pot 4-95 0404002 46 403 18+1 
124 7-344-012 38 10-1 6641 
ca. 540 
Under ‘Interval’, 9022s means the fibre was at rest for 90 min and stimulated (at 3 c/s) for 
2 min. 


Tx is the time constant for loss of K*. 

A[K¥} is the increase in concentration of labelled K produced by each exposure to tracer. 
Influxes were calculated by equation (2). 

+ indicates s.z. due to the counting rate. 

The last column shows that uptake is not proportional to ,t’. 


Comparison of K influx and K efflux in resting fibres 

The average values of the influx and efflux, in pmole/cm*.sec, were respec- 
tively 5-4 + 0-8 (five fibres) and 8-8 + 1-2 (seven fibres). The efflux is significantly 
higher than the influx but, since the former was usually obtained on fibres 
which had previously been kept several hours in 5 mm-K*, the difference may 
not be representative of one fibre. The comparison ought to be made on the same 
fibre and measurement of one flux should be bracketed by measurements of 
the other. The results of two experiments in which this was done are given in 
Table 7; they show that influx and efflux are nearly equal. A check is provided by 
the observation that the potassium concentration after 24 hr was only about 20% 
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lower than that in fresh fibres; the difference corresponds to a net leakage of 
1 pmole/cm? . sec and therefore indicates approximate equality of the two fluxes. 

Table 7 indicates that there cannot be a large fraction of tightly. bound 
potassium. Effluxes were calculated on the assumption that all the internal 
potassium is freely exchangeable; if half were bound, the calculated efflux 
would be less than the influx and the muscle should be gaining instead of losing 
potassium. Keynes (1954) reached a similar conclusion in more extensive and 
probably more accurate experiments on the toe muscle. 


Fibre deathof ~- 
Fibre diam. frog Influx Efflux —— 
reference (min) (pmole/cm? . sec) min (m-mole/l.) 
8 113 225-258 3-4 
258-1114 4-0 990 
1114-1178 4-0 — 
1355 84 103 
U 98 887-893 6-6 
893-1610 _ 6-5 660 105 129 


Effiuxes were calculated as ja[K,]/7,, where a is the fibre radius, [K,] is the potassium con- 
centration at the end of the experiment and 1, is the time constant for loss of K* determined from 
the decline in counting rate of the fibre. 


DISCUSSION 
Movements of Na and K during actwity 


The main conclusion from the experiments is that the electrical activity of a 
single muscle fibre is associated with movements of sodium and potassium ions 
down their concentration gradients. Average results and standard errors are 
collected in Table 8. 

The first pot which requires comment is that the entry of Na is greater 
than the loss of K. Although the difference is statistically significant (P < 0-02) 
it must be accepted with some reserve. The two quantities were measured on 
different fibres and the errors involved in the two methods are entirely different. 
The ratio of Na gained to K lost is, however, in approximate agreement with 
that obtained by Fenn & Cobb (1936) on rat muscle. These authors compared 
the concentrations of Na, K and Cl in a resting gastrocnemius or semimem- 
branosus muscle with those in a paired muscle which had been stimulated for 
30 min at 400 impulses/min. The results, which were expressed in terms of 
100 g dry weight, were that the stimulated muscles gained 8-3 m-mole of Na 
and 2-8 m-mole of Cl while they lost 6-1 m-mole of K. The ratio of Na gained to 
K lost was therefore 1-36, as against 1-6 with an s.z. of 0-2 in our experiments. 
We did not measure chloride concentrations but since the gain in Na is signifi- 
cantly greater than the loss of K, an entry of Cl during activity seems probable. 
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_ The changes in concentration obtained by dividing Fenn & Cobb’s figures by 
the number of shocks are 2-6 zmole/kg H,O for the gain in Na per impulse and 
1-9.mole/kg H,O for the loss of K, that is about } of the values in Table 8. 
(An extracellular space of 0-13 has been assumed in calculating concentrations 
in the fibre water from Fenn & Cobb’s data.) Fenn & Cobb showed that the 
changes produced by stimulation were three-quarters reversed during a re- 
covery period of 1-3 hr after the stimulation. It is therefore likely that some 
extrusion of Na and absorption of K occurred during the period of stimulation. 


TaBxez 8. Collected results 
Fluxes 


A 


r 


Resting Stimulated — Concentrations 
(pmole/cm*.sec) (pmole/cm*.impulse) (m-mole/kg H,O) 


Na influx 3-5+0-4 19-44 1-5 120 
Na efflux ca. 3-5 3-8+1-0 [N 9-241-2 

Na entry ~~ 15-6+41-8 +0-007740-0009 
K influx 5-44+0-8 1-8+40-3 2-5 

K efflux 8841-2 11-4406 14047 

K exit — 9-640-7 — 0-0047 + 0-0003 


Mean fibre diameter, 1004; mean temp. 20-6° C. 

Internal concentrations are in m-mole/kg H,O; (Na,) from tracer data. 

[K,] from activation analysis of fresh fibres. 

A[Na,] and A[K,] show the changes in concentration produced by one impulse + indicates 
+8.8. of mean. For a direct comparison of K influx and efflux in resting fibres see Table 7. 


However, if this process operated with a time constant of the order of about 
1 hr, as their statement implies, the correction factor amounts to about 20% 
and can hardly account for the difference between their results and ours. 
A more likely explanation of the difference is the fatigue associated with 
stimulating a muscle 12,000 times in 30 min. Fenn & Cobb stated that during 
the period of stimulation the contraction rapidly declined to a constant level of 
} or } of the initial amplitude. Shanes (1958) made the reasonable assumption 
that only 4 or } of the stimuli were effective, and calculated Na and K move- 
ments from Fenn & Cobb’s data which are similar to those reported here. 
Further evidence that the ionic movements are of the same order in mam- 
malian and amphibian muscle is provided by the estimate of 10 pmole/cm? per 
impulse for the loss of potassium in rat diaphragm (Creese, Hashish & Scholes, 
1958). 
The net entry of sodium associated with the conduction of an impulse in a 
single muscle fibre is about four times that in a cephalopod giant nerve fibre, at 
the same temperature. This is reasonable, since the electrical capacity of the 
muscle membrane is 5-10.F/cm? as against 1 .F/cm? in squid axons (Curtis & 
Cole, 1938; Katz, 1948; Fatt & Katz, 1951; Tasaki & Hagiwara, 1957). The 
quantity of Na+ which must pass through a membrane with a capacity of 
1,.F/cm? in order to change the potential difference across it by 120 mV is 
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1-3 pmole/cm?. The Na entry in cephalopod axons at 20° C, 3-4 pmole/cm? 
(Keynes, 1951; Keynes & Lewis, 1951), is about three times greater than the 
minimum qaantity. The difference is explained quantitatively by the overlap 
in time between the period of raised sodium conductance and the period of 
raised potassium conductance (Hodgkin & Huxley, 1952). If the entry of Na in 
muscle fibres had been found to be the same as in giant nerve fibres, applica- 
tion of the sodium theory to muscle would be open to the objection that the 
quantity of Na+ entering would not have been enough to alter the potential 
difference by the required amount. It is therefore satisfactory that the average 
sodium entry in our experiments, 15 pmole/cm*, is appreciably greater than 
the theoretical minimum, 9 pmole/cm?, calculated from an action potential of 
120 mV and a membrane capacity of 7-5uF/cm?. Since the observed entry is 
closer to the theoretical minimum in muscle, it seems possible that the 
quantity of Na which exchanges with K during the period when the high con- 
ductances overlap may not increase in proportion to the membrane capacity. 

By analogy with nerve it is natural to suppose that the outward movement 
of K+ is responsible for repolarizing the membrane during the falling phase of 
the muscle action potential. The rapidity of repolarization indicates that the 
potassium permeability undergoes a substantial increase during the later parts 
of the spike. An increase in potassium permeability is also needed to account 
_ for the quantity of K lost in each impulse. If the potassium conductance 


remained at its resting value of about 0-1 m-mho/cm* (Hodgkin & Horowicz, — 


unpublished) the effect of the spike and after-potential would be to give an 
outward movement of only about 0-4 pmole/cm? as against 10 pmole/cm? for 
the observed exit. The simple conclusion from the two observations is that 
muscle undergoes a delayed increase in potassium permeability similar to that 
in nerve. The difficulty is that steady depolarization of the muscle membrane is 
not associated with the large outward current seen in nerve. According to 
Tasaki & Hagiwara (1957), many muscle fibres in a sodium-free solution 
behave almost linearly with depolarizations up to 80-120 mV. Using 
muscles in potassium sulphate solutions, Katz (1949) found that the electrical 
resistance under an external cathode is higher than that under an external 
anode; in this case the electrical rectification is in the opposite direction to 
that in nerve. The conclusion from Tasaki & Hagiwara is that there is no 
increase in potassium permeability, and from Katz that the potassium perme- 
ability falls when the fibre is depolarized. The two observations are not in con- 
flict, since a fall in potassium permeability might be masked by the shunting 
effect of the chloride channel when the muscle is in a solution containing 
chloride. However, both observations seem to rule out a maintained increase 
in potassium permeability of the kind which is present in nerve. A possible 
way of resolving the difficulty is to assume that depolarization leads to an 
increase in potassium permeability in both muscle and nerve, but that in the 
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former tissue the rise lasts for only a few msec, instead of being maintained as 
long as the membrane is depolarized, as it is in nerve. At present there is no 
direct evidence for such a conclusion and until the characteristics of the system 


controlling potassium permeability in muscle have been worked out it seems 
unwise to speculate further. 


Movements of Na and K in resting fibres 


The resting fluxes observed in single fibres agree fairly well with previous 
observations on the toe muscle or sartorius. At 20° C and with a Ringer’s fluid 
containing 2-5 mm-K, the potassium flux in single fibres from the frog’s semi- 
tendinosus muscle was about 7 pmole/cm?. sec, while the sodium flux was about 
4 pmole/cm?.sec. Under similar conditions Keynes (1954) calculated 5 or 
12 pmole/cm?.sec for the potassium flux in toe muscle or sartorius and about 
10 (toe muscle) or 5 (sartorius) for the sodium flux. As Keynes pointed out, his 
results are in reasonable, though not exact, agreement with those of previous 
workers (Levi & Ussing, 1948; Harris & Burn, 1949; Harris, 1950). 

If allowance is made for differences in fibre diameter, the time constants for 
loss of Na+ or K+ from single fibres also agree with those observed by Keynes. 
Thus we find 

Tg =550 min (mean diameter 104,) 
and Tya= 90 min (mean diameter 107) 
whereas Keynes observed 
Tx =300 min (toe muscle, mean diameter 45,), 
Tx =680 min (sartorius, mean diameter 80,) 
and Txa= 74 min (sartorius mean diameter 80,). 


Harris (1957) has suggested that the exchange of K or Na between a muscle 
and its surroundings is largely determined by the rate at which these ions dif- 
fuse inside the fibre. According to his theory the surface membrane has some 
restrictive effect during the early stages of an exposure to tracer, but after 
4-30 min uptake is mainly limited by intracellular diffusion. One of the 
reasons for proposing the theory is that the movements of K and Na in whole 
muscle do not conform to simple exponential laws (Harris, 1950, 1953, 1957; 
Edwards & Harris, 1957). After a delay of 4-30 min, uptake is considered to 
be linearly related to the square root of time. The present experiments with 
single fibres do not bear out Harris’ theory, since they show that the uptake 
and loss of tracer follows simple exponential laws of the kind expected in a 
system in which the surface membrane is the main barrier to diffusion. Pos- 
sible explanations of the complications in whole muscle are that they arise 
partly from extracellular diffusion and partly from the variation of fibre 
diameters or permeabilities within the muscle. 


r 
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One reservation which must be made about our experiments is that they 
give no information about the loss of tracer during the first few minutes after 
transferring the fibre from a radioactive to an inactive solution. This is impor- 
tant because Conway (1954, 1957a, b) and Carey & Conway (1954) give 
reasons for supposing that there is a rapidly exchanging fraction of Na and K 
which is neither extracellular nor truly intracellular. According to Conway 
(19576), the quantities of monovalent cations in the special compartment are 
1-3 m-mole K/kg fibre H,O and 8 m-mole Na/kg fibre H,O; the true intra- 
cellular sodium concentration of fresh muscle is thought to be about 3 m-mole 
Na/kg fibre H,O. Conway considers the possibility of the compartment being a 
group of fibres which are freely permeable to Na and K, but concludes that it is 
more likely to be a special region, such as the sarcolemma. Our experiments do 
not provide any evidence as to whether or not this rapidly exchanging fraction 
is present in a single fibre. There was no sign of a rapidly lost fraction in the 
potassium experiments and in the sodium experiments the rapid phase seen on 
some occasions may have arisen from imperfect cleaning of the fibre. How- 


ever, these results are not evidence against Conway’s conclusions, since a — 


fraction of Na or K which exchanged with a time constant of less than 1 or 
2 min would probably have passed unnoticed in our experiments. 


SUMMARY 


1. “Na and “K were used to measure inward and outward fluxes of 
sodium and potassium in isolated muscle fibres from the frog’s semitendinosus 
muscle; the diameter of the fikees was about 100 and the length about 
1-6 cm. 

2. Both *Na and “K were lost exponentially to inactive Ringer’s fluid with 
time constants of about 1-5 hr (Na) or 9 hr (K); the time constant for loss of 
Na varied greatly between different fibres but remained fairly constant in any 
one fibre. Na and “K were lost exponentially after short exposures (3 min) as 
well as after exposures lasting several hours. 

3. For exposures short compared to the time constant, the quantity of “Na 
or “K taken up was proportional to the duration of the exposure; at longer 


times it was taken up approximately as 1—e~’", where + is the time constant 
for loss of tracer. 


4. In freshly isolated, resting fibres, the average sodium influx was 3-5 + | 


0-4 pmole/cm?*.sec (mean and s.z.) while the average potassium influx was 
5-4 +0-8 pmole/cm*.sec; higher values of sodium influx were observed in 
fibres which had been isolated for many hours. The sodium efflux was probably 
slightly less than the sodium influx and the potassium efflux somewhat 
greater than the potassium influx. The average potassium efflux from fibres 
which had been isolated for some time was 8-8 + 1-2 pmole/om?. sec 

5. Conduction of impulses was associated with movements of Na ond K down 
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their concentration gradients. At 21°C the average movements associated 
with one impulse were: 

Na influx, 19-6+1-5; Na efflux, 3-8+1-0; Na, net entry 15-6+1-8 pmole/ 
cm?. impulse. 

K influx, 1:8+0-3; K efflux 11-4+0-6; K net exit, 9-6+0-7 pmole/cm?. 
impulse. 


During the period of this investigation one of the authors (P. H.) held a National Science Founda- 
tion Fellowship and a National Research Council Fellowship in the Medical Sciences for which funds 
were provided by the Rockefeller Foundation. We are indebted to Mr A. F. Huxley and Dr R. D. 
Keynes for reading the manuscript and for helpful criticism. 
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CHEMISTRY AND RATE OF TURNOVER OF THE OCULAR 
FLUIDS OF THE BUSH BABY (GALAGO CRASSICAUDATUS 
AGISYMBANUS) 


By H. DAVSON anp C. P. LUCK* 


From the Medical Research Council, Department of Physiology, 
University College London 


(Received 19 September 1958) 


Earlier studies on the distribution of chloride and bicarbonate between 
aqueous humour and blood plasma have revealed some remarkable species 
variations amongst the mammals. In general, it was found that the larger the 
eye the lower was the concentration of bicarbonate in the aqueous humour, so 
that the horse’s fluid had only some 80% of the plasma concentration whilst 
the guinea-pig’s had about 120%. The chloride concentrations showed a re- 
ciprocal variation (Davson & Luck, 1956a). It was argued that the variation 
in bicarbonate concentration from species to species was determined by the 
buffering requirements of the ocular tissues, notably the lens, retina and cornea, 
which produce organic acids. Thus in small eyes the mass of metabolizing tissue 
in relation to the mass of ocular fluid was usually large. This hypothesis, 
besides explaining the general trend, also permitted an explanation for two 
outstanding exceptions, namely the eyes of the monkey and rat, which are 
both relatively small yet have distributions more characteristic of the large- 
eyed animals. In the monkey the lens represents a very small percentage of 
the total eye contents (4°5°% compared with 20% for the guinea-pig), whilst in 
the rat the rate of renewal of aqueous humour, as measured by the rate of 
turnover of “Na in this fluid, is some 2-3 times greater than in the other 
mammalian species. Thus the relatively low bicarbonate concentration was 
compensated by a more rapid turnover of the fluid. 

In the present work the eye of the bush baby has been studied, since in size 
it lies between those of the rabbit and guinea-pig. As with these species, more- 
over, the lens occupies a large percentage of the ocular contents (Plate 1); it 
was expected, therefore, to have bicarbonate and chloride distribution ratios 
a Present address: Department of Physiology, Box 2072, Makerere College, Kampala, Uganda, 
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intermediate between those for these two species. In the present work these 
distribution ratios have been determined, and found to be the reverse of those 
expected on the basis of the general trend relating the ratio to eye size. In an 
endeavour to account for this, the rates of turnover of “Na in aqueous and 
vitreous humours were determined. A high rate of turnover was found in the 
vitreous humour which, in this species, is a liquid and not a gel (Luck, 1958). 
This situation might permit the adequate buffering of the eye contents by a 
fluid with a relatively low concentration of bicarbonate. Studies on the steady- 
state distribution of glucose in aqueous and vitreous humours gave results 
consistent with this view. 
METHODS 

The techniques employed were essentially those described in the earlier studies (Davaon, Matchett 
& Roberts, 1952; Davson & Luck, 1956a). All experiments were carried out under pentobarbitone 


anaesthesia. The fluid nature of the vitreous humour permitted its withdrawal by puncture of the 
sclera with a fine needle attached to a hypodermic syringe. 


RESULTS 
Structure of the eye 
An eye, frozen with solid CO,, was cut in half through the vertical meridian 
and photographed (Pl. 1). It will be seen that the lens occupies a large propor- 


tion of the eye contents; it is considerably more fluid than a rabbit lens, pre- 
sumably because of a less dense packing of lens fibres. 


TaBLe 1. Chloride and bicarbonate in plasma and ocular fluids, expressed as m-moles/kg H,O, and 
distribution of the ions between aqueous humour and plasma (R,, ) and vitreous humour and 
plasma (Ryy,.) 


Plasma 118+3-0 (13) 28:5+7-0 (9) 
Aqueous 130+ 2-5 (13) 25-7 + 2-4 (9) 
Vitreous 133+4-0 (5) 22-8+ 2-0 (5) 
1-40+0-002 (11) 0-88 + 0-08 (9) 
Ryne. 1-1140-03 (5) 0-80 + 0-09 (4) 


Limits are standard errors. The figures in parentheses represent the numbers of animals used. 


Steady-state distributions 
The mean concentrations of chloride and bicarbonate (total CO,) in plasma, 
aqueous and vitreous humours are shown in Table 1. They give distribution 
ratios (2) (Conc. in aqueous humour/Conc, in plasma) of 0-88 for HCO,~ and 
1-10 for Cl-. The deviation of these values from the general trend will be clear 


when they are compared with values for eyes immediately above and below the 
bush baby’s in the series of eye weights: 


Fluid Chloride Bicarbonate 
Species Ruoo,- Ro- 
Rabbit 1-28 1-01 
Bush baby 0-88 1-10 
Guinea-pig 1-35 0-935 


EYE FLUIDS OF GALAGO 


Rate of turnover of *Na 
Animals were given a single intraperitoneal injection of “Na as an isotonic 
mixture of the chloride and bicarbonate, and blood samples were removed by 
heart puncture at intervals of about 10 min. After 30 and 60 min, samples of 
aqueous and vitreous humours were removed from the first and second eye, 
respectively. The aqueous humour was withdrawn first and immediately after- 
wards the vitreous; there is apparently no connexion between the two com- 
partments, so that aspiration of the one fluid leaves the other intact. The 
averaged results of three experiments were plotted in Text-fig. 1. The 
parameter, koyt, in the equation: 


AC 
= kinCPissma — Kout Crinia (1) 


was obtained by a graphical integration. Thus, at the steady state, the value of 
the ratio Oppia/Cpiasme 18 0°95, and this is equal to k,,/ko,,, hence 


dC 
=kout (0-95 Criasma — Criuia) 


faC rsa 
CPisama — 
For the aqueous humour, the integral in the numerator for the first period is the 
line AB, whilst that in the denominator is the area OBC, of Text-fig. 1, where 
0-95 Cpiasma 20d Cy iq are plotted against time after the injection of “Na. 

The average value of ko,; for the aqueous humour, computed in this way, 
was 0-0072 min-", and for the vitreous humour 0-0038 min-. The rate of turn- 
over in the aqueous humour is actually less in the bush baby than in the rabbit 
(0-09 min-!, Davson, 1955). The rate of turnover in the vitreous humour, on 
the other hand, is considerably greater—0-0038 min-!, compared with 
0-0015 min-!, computed from an earlier study on the rabbit (Davson, 1955). 

The low rate of equilibration of the vitreous humour of the rabbit consider- 
ably modifies the kinetics of penetration of *Na into the aqueous humour of 
this species, causing the appearance of a temporary steady state in which the 
concentration in the aqueous humour remains, for some hours, at about 10% 
less than its final concentration, which is achieved only after some 24 hr, and 
even longer in the monkey (Davson & Luck, 19565). This delay in reaching the 
true steady state is due to the continuous loss of *Na from the posterior 
chamber to the vitreous body. The much more rapid equilibration of the 
vitreous humour of the bush baby should reduce this effect, permitting the 
achievement of the true steady state much sooner. Bush babies were given a 
single intraperitoneal injection of “Na and after some 10-12 hr blood and fluids 


from one eye were withdrawn, and again after some 16-19 hr more blood and 
28-2 
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fluids from the other eye. The values of the distribution ratios are shown in 
Table 2. 

It is clear that within 10 hr the aqueous humour reached its true steady 
state, whilst the vitreous humour required longer, probably some 16 hr. With a 
value of 0-0072 min-! for the parameter kp,, in equation 1, we may predict 


100;- 


15 40 60 
Time (min) 


Text-fig. 1. Concentrations of “Na in fluid after single intraperitoneal injection, arbitrary units. 
Values for plasma multiplied by 0-95 (see text). 

TABLE 2, Distribution of *Na between plasma and aqueous humour (R,,) and plasma and 

vitreous humour (Ry,,) at the specified times after a single intraperitoneal injection of the 


isotope 
Expt. (hr) Ryn 
1 12-5 0-955 0-915 
19-5 0-945 0-960 
2 10-0 0-945 0-895 
16-25 0-95 0-945 


that the aqueous humour should be within 1 % of its steady state within about 
10 hr, so that the kinetics of penetration appear to be uncomplicated by 


serious losses to the vitreous body, in marked contrast to the rabbit and 
monkey. 


Steady-state distribution of glucose 
In those species that have been studied the concentrations of glucose in the 
vitreous and aqueous humours are less than in the plasma, owing to consump- 
tion by the lens, retina and cornea. The concentration in the vitreous humour, 
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moreover, is less than that in the aqueous humour, The bush baby, with its 
rapid turnover in the vitreous humour, should not show such a large discrepancy 
between aqueous and vitreous humours. The results of determinations of re- 
ducing value in the eye fluids of the bush baby are compared with earlier studies 
on other species in Table 3, and it will be seen that this prediction is verified. 


Ascorbic acid 
In view of the large species variations in the ability to concentrate this 
vitamin in the ocular fluids, it was of interest to discover the situation in the 
bush baby. In two animals studied, the highest concentration found was only 


0-5 mg/100 ml: The bush baby thus differs from all the other primates in this 
respect, and is comparable with the cat, dog, and rat. 


TaB_Le 3. Reducing values in plasma and eye fluids. Plasma values huve been 


arbitrarily expressed as 100 
Aqueous Vitreous 
Species Plasma humour humour  Aq./Vitr. Reference 
68 0-82 Present work 
49 0-57 
Cat 100 -- 53 0-69 Davson & Duke-Elder (1948) 
Man 100 70 45 0-57 Adler (1930) 


DISCUSSION 


If it is granted that the concentration of bicarbonate in the aqueous humour is 
causally related to the buffering requirements of the intraocular contents, then 
the anomalous position of the bush baby’s distribution ratio for this ion may 
well be explained by the very efficient mechanism it possesses for achieving 
equilibrium between the blood plasma and the fluid in the posterior cavity of 
the eye, as revealed by the kinetic studies on the turnover of intravenous “Na 
in the aqueous and vitreous humours. Thus, the experiments have shown that . 
the bush baby’s vitreous humour turns over more than twice as rapidly as that 
of the rabbit, so that it may be that the buffering of the lactic and pyruvic acids 
formed by the retina is adequately achieved without the elaboration of an 
aqueous humour with a high concentration of bicarbonate. In the rabbit,with 
its sluggish turnover of vitreous humour, it will be necessary to have and main- 
tain a large concentration gradient of bicarbonate from the aqueous humour to 
the retina, to ensure an adequate transfer of buffer. 

The more efficient equilibration with plasma shown by the vitreous humour 
of the bush baby is presumably due to its fluidity, permitting a mixing by con- 
vection and inertial currents that is lacking in the more solid vitreous humours 
of other species. This would promote a more efficient removal of material from 
the aqueous humour, and also increase the rate of diffusion across the ‘blood- 
vitreous barrier’, i.e. from the choroidal and retinal circulations. Both these 
factors, by reducing the disparity between the concentrations of *Na in 
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aqueous and vitreous humours, would tend to make the kinetics of penetration 
approach those of a simple two-compartment system, following equation 1 
fairly exactly. By contrast, the presence of a vitreous humour in which 
exchanges are restricted to diffusion leads to a far more complicated process of 
equilibration between blood and aqueous humour, during which a temporary 
steady state may be established and maintained for many hours (Maurice, 
1951; Friedenwald & Becker, 1955). 

The fact that the vitreous humour, in spite of being a liquid, fails to pass into 
the anterior chamber on removing aqueous humour, and the failure of aqueous 
humour to pass back into the posterior cavity of the eye on removal of vitreous 
humour, indicate that the two fluids are separated by some sort of membrane 
that restricts flow, possibly comparable with the hyaloid membrane described 
by Bembridge, Crawford & Pirie (1952) for the ox. 


SUMMARY 


1. The distributions of bicarbonate and chloride between plasma and 
aqueous humour of the bush baby are such that there are a deficiency of 
bicarbonate and an excess of chloride in the aqueous humour, compared with 
the concentrations expected of a dialysate of plasma. The aqueous humour of 
this species is thus similar to that of large-eyed animals like the horse, although 
the actual size of the eye lies between that of the rabbit and guinea-pig. 

2. The rate of turnover of Na in the vitreous humour is rapid by compari- 
- son with other species, such as the rabbit, presumably because it is fluid and 
not a gel. 

3. Itis suggested that this rapid turnover permits adequate buffering of the 
eye contents without the necessity for a high level of bicarbonate in the secreted 
fluid. 

4. The relative concentrations of sugar in aqueous and vitreous humours are 
consistent with the view that the vitreous humour is renewed relatively rapidly. 


It is a pleasure to acknowledge the assistance of Mr C. A. Purvis and Miss L. Haylings. 
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EXPLANATION OF PLATE 
Photograph of bisected frozen eye of the bush baby. 
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THE EFFECT OF HYPOXIA ON THE HEART RATE OF THE 
DOG WITH SPECIAL REFERENCE TO THE CONTRIBUTION 
OF THE CAROTID BODY CHEMORECEPTORS 


By M. pk BURGH DALY* anp MARY J. SCOTT* 
From the Department of Physiology, University College London 
(Received 1 October 1958) 


Daly & Scott (1958) found that in the dog stimulation of the carotid body 
chemoreceptors by hypoxic blood had variable effects on heart rate. They 
presented evidence that chemoreceptor stimulation elicited two antagonistic 
reflexes on the heart, a primary reflex bradycardia from the chemoreceptors 
themselves and a secondary reflex tachycardia arising from receptors in the 
lungs as a result of the concomitant increase in respiratory minute volume. It 
was concluded that the directional change in heart rate depended, among other 
factors, on which reflex was prepotent. These experiments were made on dogs 
spontaneously breathing room air, and the blood supplying the medullary 
centres was therefore fully oxygenated. The aim of the present experiments 
was to find out what effects, if any, the carotid body chemoreceptors exert 
on heart rate in systemic hypoxia. Neil (1956) was the first to carry out an 
experiment of this type. Using cats, he found that the tachycardia of systemic 
hypoxia was not affected by changing the carotid body perfusate from hypoxic 
blood to oxygenated Ringer-Locke’s solution. Since some of our results 


obtained on dogs differ from those of Neil (1956) our experiments will be _ 


described in detail. 


METHODS 
Dogs varying in weight from 10-5 to 17-2 kg were premedicated with morphine hydrochloride 
(1-2 mg/kg subcutaneously). About half an hour later they were anaesthetized with a mixture of 
chloralose (0-05 g/kg) and urethane (0-5 g/kg) intravenously. Systemic blood pressure was measured 
in a femoral artery by means of a Hiirthle manometer. Heart rate was counted from the blood 
pressure record taken on a fast moving paper or was recorded on the kymograph by a Gaddum 
drop timer (Gaddum & Kwiatkowski, 1938) using the method of Daly & Schweitzer (1950). 

The animals breathed room air through valves of low resistance. Respiratory minute volume 
was measured either by collection of expired air in a balanced spirometer for a given period of time 
or by passing the expired air through a gas meter, every 0-5 1. expired air being signalled on the 

* Present address: Department of Physiology, St Bartholomew's Hospital Medical College, 
Charterhouse Square, London, E.C. 1. 
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kymograph. Intratracheal pressure was also recorded by means of a damped Marey tambour as a 
qualitative measure of the changes in respiration. Tidal air volume was calculated from values 
for the respiratory minute volume and the respiratory rate, the latter being obtained from the 
intratracheal pressure trace. 

The animals were made hypoxic by substituting 7% O, in N, for room air. In some experi- 
ments, artificial respiration was. applied by means of a Starling ‘Ideal’ pump. Under these 
conditions the low oxygen mixture was given via the inlet side of the pump. 

Perfusion of the carotid bodies. The method was similar to that described previously by Daly & 
Scott (1958) and enabled the isolated carotid bodies of the recipient animal to be perfused with 
blood either from the same animal or from a donor dog. 

Denervation of the lungs. In two animals both thoracic vagosympathetic nerves were divided 
between the origin of the bronchial and cardiac branches without opening the thorax. The method 
used was the same as that described by Daly & Scott (1958). 

Experimental procedure. Both the donor and recipient animals breathed room air and the 
recipient's carotid bodies were perfused with its own blood. After taking the control heart rate, 
hypoxia was induced in the recipient animal by substituting 7% O, in N, for room air. When a 
steady state had been reached, the carotid body perfusate was changed from hypoxic blood to 
oxygenated blocd from the donor animal. After 1-2 min, hypoxic blood perfusion of the carotid 
bodies was re-established. Finally, ventilation of the recipient animal with room air was restored. 


RESULTS 

In experiments made on spontaneously breathing dogs whose carotid bodies 
were perfused with their own blood, hypoxia induced by inhalation of 7% 
O, in N, invariably caused an increase in respiratory minute volume and usually 
an increase in systemic blood pressure. The effects on heart rate are sum- 
marized in Table 1. It may be seen that in seven out of nine tests, the heart 
rate increased by 15-44 beats/min (mean 27-9 beats/min). In two tests made 
on different animals, the heart slowed. 

While the recipient animal continued to breathe the low-oxygen mixture, 
the carotid body perfusate was changed from hypoxic blood to oxygenated 
blood from the donor dog. This invariably caused a reduction in respiratory 
minute volume and usually a small fall of blood pressure. In eight out of nine 
tests an increase of heart rate of 3-138 beats/min (mean 40-1 beats/min) 
occurred; in the remaining test the heart slowed from 180 to 160 beats/min. 
These results are summarized in Table 1, from which it may be seen that the 
tachycardia evoked by changing the carotid body perfusate from hypoxic to 
oxygenated blood occurred whether the response of the heart to systemic 
hypoxia was an increase or a decrease in rate. 

When hypoxic blood perfusion of the carotid bodies was re-established, the — 
respiratory minute volume increased and a profound bradycardia occurred. 
For the next 15-60 sec the heart rate gradually increased but the final rate 
was always lower than that during perfusion of the carotid bodies with 
oxygenated blood. The typical response is shown in Fig. 1. 

These effects on heart rate occurred independently of the changes in 
systemic blood pressure and whether the carotid sinus pressure was 
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Tastz 1. The effects of systemic hypoxia on heart rate in spontaneously breathing dogs. The 


first column shows the control heart rates; the second, the heart rates after substituting 
7% O, in N, for room air, the carotid bodies being perfused with hypoxic blood from the 
same animal; the third, the rates after changing the carotid body perfusate from hypoxic 


to oxygenated blood from a donor dog breathing room air, 


breathe 7% O, in N, 


Heart rate (beats/min) 
=o During systemic hypoxia: 
carotid body perfusion 
ted 

Expt. no Control Hypoxic blood me 
lla 155 170 210 
11d 180 102 240 
12 130 180 160 
13 144 132 174 
20 80 124 141 
224 105 129 144 
226 104 123 138 
22¢ Ill 135 138 
23 126 165 216 


Fig. 1. Dog, 3, 16-7 kg. Morphine—chloralos thane. Spontaneous respiration. Carotid sinus 


and body on both sides isolated and perfused. Lungs denervated by method of Daly & Scott 
(1958). A, control; ventilation of recipient animal with room air. At B, ventilation with 
7% Oy, in N, instead of room air. Carotid bodies perfused with blood from recipient animal. 
Kymograph restarted after a steady state had been reached. Between arrows ++, the carotid 
bodies were temporarily perfused with oxygenated blood from donor dog breathing room air. 
At C, ventilation of recipient animal with room air re-established. Note acceleration of the 
heart when oxygenated blood was substituted for hypoxic blood perfusing the carotid bodies 
and the marked bradycardia which occurred on restoring hypoxic blood perfusion; The delay 
in onset of the responses to changing the carotid body perfusate is due in part to the dead 
space in the pump and its connexions (see Daly & Scott, 1958). In both figures, R.M.V. -—- 

respiratory minute volume; C.S.P.=carotid sinus pressure; B.P. =systemic blood pressure; 


H.R.=heart rate; the figures below the blood pressure records are those for heart rate, 
(beats/min). 
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maintained constant or was allowed to vary with the systemic blood pressure. 
Furthermore, they were not dependent upon secondary reflex effects arising 
from the lungs as a result of the concomitant changes in respiration; they 
occurred in preparations after denervation of the lungs (Fig. 1). 

In several experiments control tests were carried out while both dogs were 
ventilated with room air. It was found that changing the carotid body per- 
fusate from oxygenated recipient blood to oxygenated donor blood had no 
effect on the recipient’s blood pressure or heart rate. 


TasLE 2. The effects of systemic hypoxia on heart rate in dogs ventilated artificially. The first 
column shows the control heart rates; the second, the heart rates after substituting 7% O, 
in N, for room air, the carotid bodies being perfused with hypoxic blood from the same 
animal; the third, the rates after changing the carotid body perfusate from hypoxic to 
oxygenated blood from a donor dog breathing room air, while the recipient continued to 
breathe 7% O, in N, 


Heart rate (beats/min) 
During systemic h poxia : 

Expt. no Control Hypoxic blood blood 
4a 140 90 140 
4b 115 120 135 
8a 216 150 216 
8b 210 132 234 
10 160 96 145 
ll 180 84 230 
12 120 120 204 
13 200 200 230 
14 90 125 165 
17 87 45 66 


Neil (1956) found in the cat breathing 5% O, in N, that substitution of 
oxygenated Ringer—Locke’s solution for hypoxic blood perfusion of the carotid 
bodies had no effect on heart rate although a bradycardia occurred on re- 
establishing perfusion with hypoxic blood. This latter response did not occur 
if the cats were artificially ventilated. It was therefore of interest to find out 
whether the bradycardia observed in the dog was similarly affected. 

The results are summarized in Table 2 and the response obtained in one 
experiment is shown in Fig. 2. Eight experiments were carried out on open 
chest preparations under artificial respiration. Inhalation of 7% O, in N, 


instead of room air caused a bradycardia in six tests, a tachycardia in two, 
and no change in heart rate in another two tests. Despite these variable 


responses, substituting oxygenated blood for hypoxic blood perfusing the 
carotid bodies invariably caused an increase in heart rate of 15-146 beats/min 
(mean 60-3 beats/min). Furthermore, it was found that re-establishing per- 
fusion of the chemoreceptors with hypoxic blood evoked a temporary marked 
bradycardia as in spontaneously breathing dogs. This bradycardia occurred 


> 
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independently of changes in carotid sinus and systemic blood pressures. It 
was mediated through the vagus nerves, for it was reduced or abolished by 
atropine or by division of the cervical vagosympathetic nerves. 


Fig. 2. Dog, 3, 16-2 kg. Morphine-chloral th Positive pressure ventilation. Carotid 
sinus and body on both sides isolated and perfused. Carotid sinus pressure maintained constant. 
-Decamethonium 2 mg Lv. before recording began. A, control, ventilation of recipient animal 
with room air; carotid bodies perfused with blood from the same animal. B, ventilation with 

7% O, in N, instead of room air. C, perfusion of carotid bodies with oxygenated blood from 


donor dog breathing room air. D, hypoxic blood perfusion of the carotid bodies re-established. ~ 


E, control, ventilation with room air. In each case the short record was taken after a steady 
state had been reached. 


DISCUSSION 


Neil (1956) showed that, in the cat, cessation of the hypoxic stimulus to the 


carotid bodies during systemic hypoxia did not affect the heart rate. On the 
other hand, our results have shown that this procedure in the dog almost 
invariably causes an increase in rate. The cause of this difference is not at 
present clear. It may be due to species variation but, on the other hand, there 
are several differences in experimental technique which should be pointed out. 
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First, although the anaesthetic, a mixture of chloralose and urethane, was the 
same in both groups of experiments, our dogs were premedicated with 
morphine and would therefore be expected to have a higher degree of cardiac 
vagal tone. Secondly, whereas in our experiments the carotid bodies were 
continuously perfused with blood from one or other dog, Neil substituted 
Ringer—Locke’s solution for blood when changing the composition of the 
perfusate. Thirdly, the aortic nerves in Neil’s cats were cut; in our experi- 
ments, they were left intact. Division of the aortic nerves would result in some 
loss of cardiac vagal tone through cutting off of tonic baroreceptor impulses 
arising from the aortic arch. It also denervates the aortic bodies and this 
probably accounts for the fact that, during systemic hypoxia, Neil observed 
a considerable fall in systemic blood pressure on substituting oxygenated 
Ringer—Locke’s solution for hypoxic blood perfusing the carotid bodies. In 
our experiments cessation of the hypoxic stimulus to the carotid bodies caused 
only a small reduction of systemic blood pressure, and on no occasion did the 
pressure fall below the control level taken during room-air breathing, Further 
information is required before these differences in technique can be fully 
assessed. 

Previous work indicates that in the dog ventilated with room air, stimula- 
tion of the carotid bodies with hypoxic blood causes a primary reflex brady- 
cardia (Bernthal, Greene & Revzin, 1951; Daly & Daly, 1957; Daly & Scott, 
1958). In the present study we have shown that, in dogs spontaneously 
breathing 7 % O, in N,, withdrawal of the hypoxic stimulus to the carotid body 
chemoreceptors by changing the perfusate from hypoxic to oxygenated blood 
causes an increase in heart rate. Furthermore, stimulation of the chemore- 
ceptors by re-establishing hypoxic blood perfusion of the carotid bodies evokes 
a bradycardia. These effects on heart rate were not dependent on a reflex 
arising from pulmonary stretch receptors through concomitant changes in the 
rate and depth of respiration, because when respiration was maintained 
constant similar effects on heart rate were observed. It is concluded, therefore, 
that in systemic hypoxia, as in conditions in which the medullary centres 
receive oxygenated blood (see Daly & Scott, 1958), the primary reflex effect of 
hypoxic stimulation of the carotid bodies is a bradycardia. 

Our results have a bearing on the role of the chemoreceptors in the initiation 
of the tachycardia which occurs in systemic hypoxia. The evidence at present 


available indicates that the tachycardia of hypoxia cannot be directly 


attributable to stimulation of peripheral chemoreceptors (Bernthal et al. 1951; 
Neil, 1956; Daly & Scott, 1958). The results of the present experiments in- 
dicate that not only is the response not of chemoreceptor origin, but that the 
chemoreceptors actually antagonize it. The evidence for this is, that if during 
systemic hypoxia, stimulation of the carotid bodies is stopped by changing 
their perfusate from hypoxic to oxygenated blood, cardio-acceleration 
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results which is reversed when perfusion with hypoxic blood is re-established. | 


This antagonistic effect is probably the result of a primary reflex from the 
carotid bodies, because it occurred in preparations ventilated artificially, 
The mechanism of the tachycardia of systemic hypoxia remains obscure. In 
this connexion Daly & Scott (1958) presented evidence which suggested that 
cardio-acceleration evoked by stimulation of the carotid bodies by hypoxic 
blood in.dogs spontaneously breathing room air was due, at least in part, to a 
secondary reflex from the lungs resulting from the concomitant increase in 
rate and depth of respiration. The present experiments, while not excluding 
the participation of such a mechanism in the production of the tachycardia of 
systemic hypoxia, indicate that it is not the sole cause, because a similar 
response occurred on administration of a low-oxygen gas mixture to dogs 
artificially ventilated. | 
SUMMARY 

1. A method has been used in the anaesthetized dog whereby perfusion of 
the carotid bodies may be made with blood from the same animal or from a 
donor animal. 

2. In spontaneously breathing animals inhalation of 7% O, in N, almost 
invariably caused an increase in respiratory minute volume and acceleration 
of the heart. If during systemic hypoxia the carotid body perfusate was 
changed from hypoxic blood to oxygenated blood obtained from a donor dog, 
a further tachycardia occurred together with a reduction in respiratory 
minute volume. A similar response occurred in recipient dogs which were 
artificially ventilated with 7°% O, in Nj. 

3. Restoration of hypoxic blood perfusion of the carotid bodies caused 
slowing of the heart. | 

4. Itis concluded that the carotid bodies do not contribute to the production 
of the tachycardia of systemic hypoxia; on the contrary, they antagonize it. 

We wish to express our thanks to Mr D. R. Bacon for technical assistance. This work was 
carried out during tenure of a Locke Research Fellowship of the Royal Society by M. de B.D. 


and a Bayliss-Starling Scholarship by M.J.S. Part of the expenses of this work was defrayed from 
a grant from the Royal Society to one of us (M. de B. D.). 
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HYPERAEMIA FOLLOWING SUSTAINED AND RHYTHMIC 
EXERCISE IN THE HUMAN FOREARM 
AT VARIOUS TEMPERATURES 


By R. 8. J. CLARKE ann R. F. HELLON 
From the Medical Research Council Unit for Research on Climate and 
Working Efficiency, Department of Human Anatomy, 
Uniwersity of Oxford 


(Received 24 June 1958) 


Evidence has recently been presented (Clarke, Hellon & Lind, 1958) on the 
effect of muscle temperature on the ability to sustain on a dynamometer, for 
as long as possible, a hand flexion movement of submaximal force. The post- 
exercise hyperaemia following these sustained contractions was studied, and at 
any given level of temperature the hyperaemic response was found to bear an 
approximately linear relationship to the duration of the contraction. It also 
appeared that, for a given duration of contraction, cooling the muscles below 
their normal temperature reduced the post-exercise hyperaemia, whereas 
heating had the reverse effect. 

In those experiments the contractions were terminated by fatigue, and» 
because of this only a restricted range of durations was obtained. It was also 
not clear how far the effect of temperature on the post-exercise hyperaemia 
might have been due to the contractions being made to fatigue. Accordingly, 
the present work was initiated in which contractions were made for pre- 
determined times: these times were shorter than the maximum duration. 
As before, post-exercise hyperaemia was recorded at various temperatures. 

Coles & Cooper (1959) found that the hyperaemia following rhythmic 
exercise of the forearm is not affected by cooling the arm. A possible explana- 
tion for the apparent contradiction between this finding and our results with 
sustained contractions is that cooling causes an increase in tissue viscosity 
and therefore in the total energy utilization of the forearm muscles for the 
same amount of work on the dynamometer. This factor would only be expected 
to influence rhythmic exercise and might counterbalance the reduction in 
hyperaemia found after sustained exercise, so that cooling had no apparent 


effect on the hyperaemia after rhythmic work. To test this hypothesis the 
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influence of temperature on the hyperaemia after rhythmic work has been 
studied at three rates of exercise. It was hoped in this way that the viscous 
element, if present, would be varied. 


METHODS 


Two healthy males (C and H) were used as subjects in these experiments. Exercise was performed 
on a strain-gauge dynamometer which was immersed together with the hand and forearm in a 
well stirred water-bath. Details of the instrument have already been published (Clarke et al. 
1958). The type of contraction made on this dynamometer was approximately isometric, though 
slight bending of the bar took place (about 0-5 mm). There was also compression of the rubber, 
covering the handles of the dynamometer, and of the soft tissues of the fingers. The force exerted 
on the dynamometer in both sustained and rhythmic series was standardized at the outset as 
one-third of the maximum which each subject could then develop. These forces were 17 and 
‘14 kg for subjects C and H, respectively. The strain-gauge bridge circuit was supplied with 2-5 V 
(d.c.) and the output was fed to a suitable spot galvanometer, so that the subject could visually 
monitor the tension of his contractions. 

The sustained contractions were of various durations, all of which were less than the subjects 
were known to be capable of sustaining in the different water-baths (Clarke ef al. 1958). Bath 
temperatures of 10, 18, 26, 34 and 42° C were used. 

The rhythmic exercise was performed in time to a metronome at 30, 45 or 60 contractions/min. 
The metronome was set at twice these frequencies and contraction or relaxation began with each 
beat, the movements being made as rapidly as possible. In all experiments the water-bath tem- 
peratures were 18, 26, 34 and 42° C and the period of exercise was 2 min. Rhythmic contractions 
at these frequencies were not possible in water at 10° C. 

To obtain a record of the form of the rhythmic contractions, the bridge was energized with 
2-5 V at 3 ke/s. The bridge output was amplified, rectified and photographed on an oscilloscope. 
Since the contractions were approximately isometric, the force-time integral has been used as a 
measure of the ‘work’ done ou the dynamometer. To obtain this integral, the rectified output 
from the bridge was further amplified and integrated, using a DC-coupled version of the Miller- 
type integrator circuit described by Bates & Cooper (1953). The output was then passed to a five- 
stage decade counter. Calibration of this system by hanging various weights on the dynamometer 
showed that the counter reading for a given time (1 min) varied linearly with the load, and the 
line passed through the origin. 

Forearm blood flow was measured with a mercury-in-rubber strain-gauge plethysmograph 
(Whitney, 1953) mounted 6 cm proximal to the mid point of the forearm, thereby indicating 
changes in muscle blood flow (Clarke & Hellon, 1957). Venous-occluding pressures (4/min) of only 
45 mm Hg were used, since Patterson & Whelan (1955) have shown that a sudden hyperaemia 
can produce a reduction in local arterial pressure. The blood supply to the hand was occluded by a 
narrow wrist cuff inflated 1 min before forearm blood flow recording commenced. 

In each experiment the forearm and hand were immersed in the water-bath at the chosen 
temperature for 30 min before starting contractions. From the twenty-seventh minute to the 
thirtieth blood flow was measured, and the exercise began immediately afterwards, the wrist 
ouff remaining inflated when the exercise was sustained. The wrist cuff was released before 
rhythmic exercise began and reinflated 30sec before the end of the period. The first venous 
occlusion was applied 3-5 sec after the end of exercise and recording continued for 15 min or 
until the blood flow had clearly fallen to the pre-exercise rate. Fifteen minutes rest with the wrist 
cuff released was allowed between every two periods of exercise. Only one experiment was per- 
formed on each subject in any one day and consisted of five periods of sustained exercise or three 


periods of rhythmic exercise. At each tem and : 
‘otis toy perature and frequency a total of six periods of rhythmic 
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In another series of experiments rhythmio exercise at 60/min was done, in a bath partitioned 
so that the forearm or hand could be separately kept at 18 or 34° C. The wrist passed through the 
partition and was sealed to it with a thin rubber sleeve. Experiments commenced with one com- 
partment at 18° C and the other at 34° C. After 30 min for equilibration, two periods of exercise 
were performed and the ensuing hyperaemias were recorded. The temperature of the hand section 
was then quickly changed so as to equal that of the forearm section, and after a period of 30 min 
for cooling or warming of the hand, two further periods of exercise were done. 

The post-exercise hyperaemic response was calculated by first taking the mean of the blood 
flows measured before the exercise. The sum of the post-exercise blood flows was determined, the 
pre-exercise mean was multiplied by the total number of these flows, and subtracted from the 
post-exercise sum. Since all flows were recorded at 4/min, the result of this subtraction was 
divided by 4, giving the hyperaemic response in ml. blood/100 ml. forearm. 


Forearm blood flow (mi./100 mi./min) 


Time (min) 
Fig. 1. Post-exercise blood flows after 1 min of sustained contraction in subject C. The forearm 
was immersed in water at (°C) 10 ( x), 18 (A), 26 (@), 34 (A) and 42 (©). In each case the 
mean pre-exercise flow has been subtracted. 


RESULTS 
Sustained contractions 

Examples of the pattern of post-exercise hyperaemia following 1 min of 
sustained exercise at the various bath temperatures are plotted in Fig. 1. 
The curves clearly show that temperature had a marked effect on the hyper- 
aemic response. 

The data from all the experiments are shown in Fig. 2 and both subjects 
gave qualitatively similar results. At each temperature the — 
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response was linearly related to the duration of the contraction, but this 
relationship varied with the bath temperature. When the arm was in water at 
10 or 18° C both sets of results could be fitted by a single line. This was also 
the case at 26° C in subject H, but the other subject gave values at 26° C which 
clearly fell about a separate and steeper line. In both subjects the relationship 
at 34° C had a greater slope than at the cooler temperatures and at 42° C this 
temperature effect was still more marked. 

The results show that the hyperaemic response following a given amount of 
sustained exercise is a function of temperature. In Fig. 3 the response in each 


x Subject H Subject C 
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Duration of contraction (sec) 
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5 
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Hyperaemic response (mi./100 ml. forearm) 


Hyperaemic response (mi./100 ml. forearm) 


Fig. 2. Hyperaemic responses after sustained contractions of various durations. Bath 
tures and symbols as in Fig. 1. Contraction tensions were 17 kg for subject C and 14 kg for 
subject H. Ordinate scales differ. 
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Fig. 3. Hyperaemic responses for subject C (©) and subject H (@) after 1 min 
sustained contraction at different bath temperatures, 
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subject after 1 min of exercise is plotted against bath temperature. There was 
relatively little change in response between 10 and 26° C; between 26 and 34° C 
there was an abrupt increase in response which was more marked in one 
subject (C); further warming to 42°C produced a slightly greater increase 
than between 26 and 34° C, 


forearm) 


Hyperaemic response (mi./100 mi. 


be, 20 25 30 35 40 
Bath temperature (° C) 


Fig. 4. Hyperaemic responses for subject ( (©) and subject H (@) after rhythmic exercise at 
30 contractions/min at different bath temperatures: the lines pass through the mean values 
for each subject. 


Rhythmic exercise 

The results at the three frequencies of contraction are shown in Figs. 4, 5 
and 6. With a frequency of 30 contractions/min (Fig. 4), cooling the arm from 
34 to 26° C caused a reduction in the hyperaemia, but this effect was more 
pronounced in subject H than in subject C. Further cooling to 18° C increased 
the hyperaemia so that in both subjects this was almost exactly the same as 
in water at 34° C. Heating the forearm to 42°C resulted in a doubling of the 
hyperaemic response accompanied by a greater variability, particularly in 
subject C. 

At 45 contractions/min (Fig. 5) the heated forearm also had a greatly 
increased hyperaemic response. The effect of cooling from 34 to 26° C pro- 
duced slight and opposite changes in both subjects, but at 18° C both showed a 
distinct increase in hyperaemia, with mean values well above those at 34° C. 

A faster rate of exercise (60/min, Fig. 6) was followed by a hyperaemic 
response which increased more sharply with cooling than at 45/min. The 
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forearm) 
r=} 


Hyperaemic response (ml./100 mi. 


40 
20 
i i ji 
15 20 25 30 35 40: 
Bath temperature (° C) 


Fig. 5. Hyperaemic responses after rhythmic exercise at 45 contractions/min ; 
conventions as in Fig. 4. 
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Fig. 6. Hyperaemic responses after rhythmic exercise at 60 contractions/min; 
conventions as in Fig. 4. 
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increases at 18° C, compared with 34° C, were 122%, for subject H and 80% 
for subject C. As at slower rates of exercise, heating the forearm at 42° C 
resulted in a doubling of the 34° C hyperaemia in both subjects. 

It appears from the above experiments that cooling considerably increases 
the hyperaemia following rhythmic contractions at 60/min. In an attempt 
to determine whether this increased hyperaemia arose from cooling the hand 


or the forearm, some experiments were performed with the water-bath 
divided at wrist level. Two experiments were carried out on each subject. In 


TaBLe 1. Hyperaemic responses (ml./100 ml.) in the forearm after rhythmic exercise (60/min) 
for 2 min in a water-bath partitioned at wrist level. Temperatures before and after the solidus 
are those of the forearm and hand sections of the bath, respectively 


Temp. (°C) Subject C Subject H 


34/18 48 27 
44 28 
34/34 52 21 
42 29 
18/34 104 55 
70 55 
18/18 89 48 
94 57 


the first the forearm was in water at 34° C and the hand section was initially 
at 18° C; after two periods of exercise the hand section was warmed to 34° C 
and two further periods were performed. In the second experiment the 
procedure was reversed, i.e. the forearm was in water at 18° C while the hand 
was at 34° C initially, and was later cooled to 18° C. The results are presented 
in Table 1 and it is clear that changing the temperature of the hand had no 
pronounced effect on the post-exercise hyperaemia. As before, only cooling 
the forearm increased the hyperaemic response. 


Analysis of rhythmic contractions 

Fig. 7 shows recordings of contractions at 30 and 60/min in water at 34 and 
18° C. The form at both speeds was not greatly affected by cooling. This sug- 
gests that the change in temperature had not appreciably affected the rate at 
which the forearm muscles could contract and relax, and that under different 
temperature conditions the exercise was well standardized. 

It appeared also that, when doing rhythmic exercise with the routine used, 
the time spent with the forearm relaxed was approximately equal to the time 
spent with the muscles contracted. This suggested that the force-time integral 
for 1 min of sustained exercise would be similar to that for 2 min of rhythmic 
exercise, since the target tension in each case was the same. When the integrals 
were actually measured good agreement was obtained. The results given in 
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Table 2 show that the force-time integrals at all three frequencies were in close 
agreement with each other and with the values after 1 min of sustained exer- 
cise. The lowest values were found after exercise at 60/min at 18° C, when it 
did appear that slightly less external work was being done. 
NAAN HAAS 
(a) (b) (c) 
Fig. 7. Records of typical contractions taken from an oscilloscope in experiments at 34° C 
(upper line) and 18°C (lower line). (a) sustained contraction; (6) 30 contractions/min ; 
(c) 60 contractions/min. Time marker, 1 sec. Between the upper and lower records, the time 
marker was lowered slightly. 
Taste 2. Force-time integrals (kg.min) in sustained and rhythmic exercise. Duration of sus- 


tained exercise was 1 min and that of rhythmic exercise was 2 min. Subject C aimed at a 
tension of 17 kg and subject H of 14 kg. The temperatures shown are those of the water-bath 


Subject 0 Subject H 

34°C 18°C 4° 18°C 

Sustained 16-8 16-8 14-4 13-9 
exercise 17-0 16-8 138 
Rhythmic 30/min 17-4 17-1 14-0 14-2 
exercise 17-2 17-2 13-7 13-7 
45/min 17-5 16-0 141 13-7 

17-3 178 141 13-7 

60/min 16-7 16-2 13-9 13-1 

16-7 16-5 131 

DISCUSSION 


The results which have been presented for the sustained contractions confirm 
and extend the prevous results of Clarke et al. (1958). The curves in Fig. 2 
are very similar to those obtained after contractions to fatigue by Clarke 
et al. so that this effect of temperature on post-exercise hyperaemia is inde- 
pendent of whether contractions are maintained to fatigue. The explanation 
was put forward in the previous paper that with increasing temperature the 
rate at which vasodilator metabolites accumulate @uring the exercise in- 
creases, leading to a greater hyperaemia for the same duration of work. The 
present results must be due to the effect of temperature on post-exercise 
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hyperaemia, virtually unaffected by other factors associated with temperature, 
since movement only occurs at the beginning and end of exercise. 

Before discussing the rhythmic contractions in detail, the effect of sustained 
and rhythmic exercise on the forearm blood flow during work should first 
be considered. It is apparent from the results of Clarke et al. (1958) that even 
with sustained contractions of the tensions used here there is a hyperaemia 
during the phase of contraction, although this is considerably less than the 
post-exercise peak. Since with the rhythmic exercise only half the total time 
is spent with the muscles contracted, the hyperaemia during work will be 
much greater than with sustained exercise (cf. Barcroft & Dornhorst, 1949). 
This means that the hyperaemia following rhythmic exercise is an under- 
estimate of the total hyperaemia, but.it seems likely that the amount of hyper- 
aemia occurring during exercise will not vary greatly with the rate. It is 
probably legitimate therefore to compare the hyperaemic responses following 
exercise at different rates, but these in turn cannot be compared with responses 
following sustained contractions. 

When rhythmic work is performed at 30 contractions/min, the effect of 
cooling from 34 to 18° C is to leave the hyperaemia unaffected. This confirms 
the findings of Coles & Cooper (1959) using the same rate of exercise. The 
absence of a temperature effect means that the hyperaemia at 18° C has in 
fact been increased, since this degree of cooling produces a marked reduction 
of the hyperaemia following sustained work. The phenomenon is shown more 
clearly with faster rates of contraction, where the cooling produces a greater 
response than at 34° C. Since the amount of external ‘work’ on the dyna- 
mometer does not appear to vary with frequency or temperature (Table 2), 
the hyperaemias at the three frequencies may be directly compared and are 
shown together in Fig. 8. It is suggested that the difference between the hyper- 
aemias at any one temperature is a measure of differences in the total energy 
conversion in the forearm muscles with the various frequencies. The variation 
in hyperaemia appears to be a function of the rate of exercise and is consistent 
with the original hypothesis concerning an increase in tissue viscosity with 
cooling. Irrespective of whether this is, in fact, true, the effect clearly has a 
marked temperature coefficient. From the data in Fig. 8, there is an approxi- 
mate doubling of the hyperaemic response in water at 18° C as compared with 
34° C when contractions are made at 60/min. (The apparent absence of a 
cooling effect at 30 contractions/min has been discussed above.) When the 
arm is in water at 34° C the tissue temperatures approximate to those of a 
clothed forearm (Barcroft & Edholm, 1946). At this temperature the hyper- 
aemias at the three frequencies approach one another, particularly in sub- 
ject H. This appears to indicate that at normal temperatures the factor 
associated with frequency becomes quite small. 

An underlying assumption of this interpretation of the results is that the 
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post-exercise hyperaemia is related to the total energy conversion of the 
muscles, for sustained and rhythmic contractions. This seems to be @ reason- 
able assumption, since our own results with sustained exercise show that the 
hyperaemic response is directly related to the duration of a contraction. This 
also is the case with rhythmic exercise where the load as well as the duration 
has been varied (McArdle & Verel, 1956; Coles & Cooper, 1959). No alternative 
explanation seems compatible with all the data presented. While cooling 
might reduce the rate of diffusion of metabolites, and so prolong the hyper- 
aemia after contractions at 60/min, such a factor could not account for the 


Subject H Subject C 


Hyperaemic response mi.) 


Hyperaemic response ml.) 


= 35 15 5 


Bath temperature (°C) 


Fig. 8. Hyperaemic responses after rhythmic exercise at 30 contractions/min (@), 45/min (4), 
and 60/min (©) at three bath temperatures. Each point is the mean of six determinations, 
as shown in Figs. 4, 5 and 6. Ordinate scales differ. 


results from sustained contractions. The fact that cooling reduces the hyper- 
aemic response after sustained exercise and increases it after rhythmic exercise 
also makes it unlikely that different vasodilator metabolites are produced in 
the cooled muscles. In the absence of other evidence it is suggested that 
cooling does in fact lead to a marked increase in the total energy utilization of 
the forearm muscles when performing the type of rhythmic exercise used in 
these experiments. 

Assuming that the results are due to changes in viscosity within the limb, 
the question arises as to the site of these changes. Possible sites would appear 
to be the synovial fluid in the finger joints and the tendon sheaths in the hand 
and wrist, or the forearm muscles themselves. The experiments where the hand 
and forearm were differentially cooled strongly suggest that only the muscles 

are involved. When the hand was cooled while the arm was kept warm there 
Was no increase in hyperaemic response: though in the experiments with the 
partitioned bath the tendons at the wrist were at an indeterminate temperature, 
it seems reasonable to infer that this site was also unimportant. 

These results cannot be taken to indicate that there is no increase in synovial 
fluid viscosity with cooling. Indeed Hunter, Kerr & Whillans (1952) and 
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LeBlanc (1956) have shown that the speed of flexion of the finger is reduced 
by cooling the hand. This was attributed to viscosity changes in the synovial 
fluid and was compatible with in vitro measurements made on the fluid 
(Hunter ef al. 1952). While a synovial finid component must also have 
formed part of any viscous element in the present experiments, its role 
must have been small compared with the component in the muscles of the 
forearm. | 
No measurements have been made of muscle temperature in these experi- 
ments, but at any one bath temperature this will mainly depend on depth from 
the surface, duration of immersion and the heating effect of the post-exercise 
hyperaemia. The experiments of Clarke et al. (1958), conducted under similar 
circumstances, indicate that at the beginning of a contraction in a water-bath 
at 18° C muscle temperature was between 21 and 28° C, depending chiefly on 
the depth; this is some 10° C lower than that in the clothed forearm (Barcroft 
& Edholm, 1946), | 
SUMMARY | 
1, The hyperaemia following sustained and rhythmic contractions of the 
forearm has been studied with the arm in water at temperatures ranging from 
42 to 18° C. Tensions of one-third of the maximum were used. 
2. Compared with 34° C, heating the arm at 42°C increased the hyper- 
aemia after both types of exercise. 
3. Cooling to 18° C reduced the hyperaemia after sustained contractions, 
but the effect after rhythmic contractions varied with the frequency. Following 
exercise at 30/min the hyperaemia was unaltered by cooling, but at 60/min 
there was a marked increase. 
4. Cooling the hand alone had no effect on the hyperaemia after rhythmic 
exercise, 
5. The results are explicable on the basis of an increase in viscosity in the 
forearm muscles on cooling, increasing the total energy required by the muscles 
for this type of exercise. 


We should like to thank Dr K. E. Cooper for rauch helpful discussion, Mr E. 8. Reeves for the 
design and construction of the electronic apparatus, and Mr B. Purvis for technical assistance. 
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THE TIMED AIRWAY RESISTANCE 
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Several possible tools for the field-testing of pulmonary dynamics have already 
been investigated (Shephard, Thomson, Carey & Phair, 1958): However, at the 
time these tests were conducted, no simple portable apparatus was available 
for the measurement of airway resistance. The apparatus most readily adapted 
for field use is probably the interruptor valve (Von Neergaard & Wirz, 1927; 
Otis & Proctor, 1951; Mead & Whittenberger, 1954). Although the theoretical 
basis of the procedure remains a little uncertain, the pressure at the valve 
following a sudden interruption of air flow has been found in practice to 
correspond fairly closely with the intrapulmonary pressure immediately before 
interruption. Thus if the rate of gas flow before interruption is also known, the 
airway resistance can be calculated. Clements, Sharp & Johnson (1958) have 
recently devised a valve that is suitable for use with low-frequency recording 
systems. Interruption of airflow is repeated 150 times/min, and tappings 
permit continuous scanning of both the back pressure within the valve during 
gas flow and also the steady pressure developed during interruption. Interpre- 
tation of results is limited mainly by the fact that there is no indication of chest 
volume during the test. It is generally recognized that airway resistance varies 
considerably with chest volume, although the precise pattern of change is still 
the subject of dispute. 

The timed airway resistance measurement overcomes this problem. The 
subject makes a vital capacity expiration through the interruptor valve at a 
constant controlled flow rate. Chest volume becomes a function of time. 
Interruptor pressure is simply noted at a predetermined interval after the 
commencement of expiration, thus measuring airway resistance at a known 
chest volume. The present paper discusses this principle in relation to airway 
resistance at different chest positions during both inspiration and expiration ; 
the results obtained in the laboratory are compared with those yielded by a 
single-interruption technique, and the development. of a portable apparatus 
for measurement of timed airway resistance is discussed. 

* Present address: Ministry of Supply C.D.E.E., Porton Down, Salisbury, Wilts, England. 
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METHODS 


Interruptor valves 
The multiple-interrwptor valve was manufactured to the specification of Dr J. 8. Clements. For 
laboratory tests, both back pressures and interruption pressures were recorded by Statham strain- 
gauge transducers; for field use Magnehelic frictionless low-frequency pressure gauges were sub- 
stituted. The valve is so designed that back-pressure P is a logarithmic function of flow F, similar 


to that observed for the human airway. Nominally P = F'*, Under static conditions this was true | 


for a limited flow range (40-60 1./min). With the valve rotating at the specified speed (150 rev/min), ; 
and air supplied from a large Tissot spirometer through a complicated arrangement of tubing 
designed to simulate the bronchi, a logarithmic plot of the results showed a linear relationship over 
the entire range of flows tested (5-60 1./min), although the constant in the equation somewhat 
exceeded the stated value (P =F"). This is not a serious fault unless it is intended to use a simpli- 
fied method of calculation where flow characteristics of the apparatus and of the subject's airway 
are considered identical (Ainsworth & Eveleigh, 1952; McKerrow, McDermott, Gilson & Schilling, 
1958). During normal operation there was slight leakage and consequent pressure drop as the 
valve rotated. This could be minimized by increasing the capacity of tubing leading to the pressure 
transducer, but inevitably limited the accuracy of mechanical subtraction of the flow back pressure 
from the total pressure developed during interruption. 


Taste 1, Physical characteristics of subjects 


Height i surface Vital 1 sec 
age (yr) (in.) (em) (tb.) (kg) (m*) (ml ) (ml. BTPS) vital capacity 
M,29 72 18 160 £427 1-93 76-4 
M,2 7 £188 = 677 2-01 5710 4660 81-7 
M36 68 17% 166 £7 1-89 4270 3040 71-2 
M,30 180 190 86 2-05 5860 4590 78-6 
M,62 7 190 150 68 1-93 4530 2640 56-6 
M,28 705 179 168 #4«®9176 1-93 4940 3940 79-7 
M,42 695 177 4168 #476 1-91 5020 3880 77:3 
F, 23 615 156 9 43 1-37 2770 2440 88-0 
F, 21 65:5 166 99 48645 1-46 2610 2405 92-0 
F, 21 62 158 9% 43 1-38 3190 2685 84-0 
Single interruptor. A carefully ground lucite plate valve had two circular apertures 7-5 in. 


(19 cm) apart. The operator held the plate in such a position that the lower aperture was opposite 
the breathing tube. When it was desired to interrupt flow, the plate was released and fell under its 
own weight until the upper aperture was opposite the airway. Examination of the wave form on a 
cathode-ray oscilloscope showed a close approach to a square wave, interruption of flow occupying 
2-8 msec and persisting for 103 msec. 

Subjects 


Experiments were carried out on ten adult subjects. Physical details are summarized in Table 1. 
Nine were healthy individuals; the remaining subject (M.B.) had a past history of asthma, the last 
attack having occurred 16 years ago during a dust storm. 


RESULTS 
Model experiments 
The agreement between ‘lung’ and interruptor pressures was tested on a 
variety of model-lung systems using the single interruptor valve. In one series 
of experiments a ‘lung’ with a large ‘compliance’ and little damping was repre- 
sented by a weighted 151. spirometer with 2 yards (1829 cm) of stifflin. - 
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(2:5 cm) diameter tube leading to the interruptor. For a second series a ‘lung’ 
with a smaller ‘compliance’ was represented by a rigid 201. tank inflated 
to a pressure 100mm Hg above atmospheric. Damping was varied by 
placing single or multiple narrow-bore tubes between the ‘lung’ and the 
interruptor. 

The rise of pressure at the interruptor could be reduced to a quarter of that 
recorded from the ‘lung’ by a quite limited constriction of the ‘airway’: for 


_ instance, the addition of a 3 in. (7-6 cm) length of } in. (6 mm) diameter copper 


262 
0 200 400. 600 800 
Time (msec) 
tba 8 
$6 


Fig. 1. Rise of pressure within model ‘lung’ following interruption 
of air flow through ‘airway’. 
tubing. However, if the number of }in. tubes was multiplied so that the 
effective cross-section of the ‘airway’ was not materially reduced, pressures 
were transmitted faithfully from the ‘lung’ to the interruptor. Pressure oscilla- 
tions initiated by the interruption were large in the case of the spirometer 
system, smaller with the rigid tank. The damping constant (time required for 
oscillations to fall to e-1 of the initial magnitude) was approximately 70 msec 
for either system, as compared with 7 msec for the human respiratory tract. In 
both models oscillations in the ‘lung’ were smaller than at the interruptor 


owing to (a) damping during transmission through the airway and (6) modifica-- 


tions of wave form attributable to ‘compliance’ of the lung. The mean 
‘alveolar’ pressure was appreciably increased by the interruption in both 
models (Fig. 1). 
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Resistive pressure at different chest volumes and flow rates 
By making a series of vital capacity expirations through the multiple- 
interruptor valve at controlled flow rates, it was possible to define a three- 
dimensional relationship between resistive pressure, chest volume, and air flow 
in any given subject (Fig. 2). The total gas volume delivered by this technique 
usually corresponded fairly closely with the vital capacity as determined by 
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0 250 750 1250 1750 2250 2750 3250 3750 4250 4750 5250 
Volume expired (mi. BTPS) 


Fig. 2. Relationship between resistive pressure, chest volume, and air flow. Vital capacity expira- 
tions at controlled flow rates, using multiple-interruptor valve. Subject R.J.S. (Results 
similar in other normal subjects.) 


standard methods, but at very slow rates of.expiration the volume was 
appreciably less. This is not merely a consequence of the method of measure- 
ment, since the same change was demonstrated with a standard spirometer 
when the expiration occupied 30-40 sec. 

At all flow rates, the resistance to expiration increased only slightly over the 
first three-quarters of the vital range, but rose sharply in the final quarter 
(Fig. 3). Subjectively, it became increasingly difficult to maintain the stipu- 
lated flow rate in this final quarter, and this was reflected in increasing irregu- 
larity of both flow and pressure tracings (Fig. 4a). The magnitude of the final 
rise of pressure varied in different subjects, apparently being greater in those 
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who made strenuous efforts to maintain a constant flow until the entire vital 
capacity had been delivered. 

During vital capacity inspirations, the airway resistance was initially fairly 
high (Fig. 46), although never as great as at the end of expiration; this initial 
peak seemed larger in subjects who showed a sharp rise of pressure at the end 
of expiration. The resistance for the middle third of inspiration was lower, and 
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Flow resistance (cm H2O/|./sec) 


250 750 1250 1750 2250 2750 3250 3750 4250 4750 5250 
Volume expired or inspired (mi. BTPS) 


Fig. 3. Grouped observations showing flow resistance during vital capacity inspirations and 
expirations at high and low flow rates. Subject R.J.S. Differences of resistance pattern in 
other normal subjects discussed in text. 


corresponded fairly closely with mid-expiratory values (Fig. 3). In some sub- 
jects pressures rose during the final 500-1000 ml. of inspiration, and again this 
seemed associated with strenuous efforts to maintain constancy of flow. Other 
subjects showed a phase of relatively constant resistance, and then both flow 
and resistance gradually decreased to zero. 
Comparison of single- and multiple-interruptor valves. Resistance values — 
determined by the multiple-interruptor valve are summarized in Table 2. 
Each subject maintained a constant flow of 20-30 1./min, and resistive pres- 
sures were measured at a constant chest volume corresponding approximately 
with the chest mid position. The average for the group seems a little higher 
than that obtained by other techniques (Mead & Whittenberger, 1954; DuBois, 
Botelho & Comroe, 1954), but agrees well with earlier interruptor measurements 
30 PHYSIO. CXLV 
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‘Expired volume (mi. BTPS) ~ 
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Fig. 4. Controlled flow resistive pressure tracings using multiple-interruptor valve. Subject 
R.J.8.; (a) expiration, (6) inspiration ; note different abscissa scales, and low resistance at mid 
position of chest in each case. In some subjects the rise of pressure at the end of inspiration 
was not observed. 


Tasie 2. Airway resistance. Mean (+8.D.) of single observation by multiple-int t 


technique 

Subject (om H,O/l.jsec) (cm 
| R.J.8. 3-48 + 0-66 2-66 + 0-82 

L.P. 1-26+0-58 4-45 + 0°75 

M.B. 7-3146-23* 5-92 + 1-87* 

| H.D. 3-09 + 0-89 3:144.0-35 

4 R.M. 3-74+ 2-09 2-69 + 0-36 
G.G, 1-22+0-14 3-67 +0-58 
aq G.C, 2-47 40-75 40-68 
LS. 1-55+0-24 2-54+0-91 

J.R. 1-42+0-49 1-314.0-27 
ag M.G. 3-568 + 1-44 2-43 + 0-75 

subjects 

except M.B.) 


t * History of asthma, last attack 16 yr ago. 
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(Vuilleumier, 1944; Otis & Proctor, 1951), It is interesting to note that, 
although he had not had an attack of asthma for 16 years, subject M.B. gave 
abnormal values, and the pattern observed (resistance higher in expiration 
than inspiration) suggests some residual pathological changes. Over the rather 
limited range of this series, the airway resistance did not show much correla- 
tion with vital capacity. Indeed, two of the three smallest (female) subjects 
had rather low airway resistances. In subject R.M. an apparently pathological 
1 sec volume was associated with a relatively normal airway resistance. It 
may be that forced expiration collapsed the airway in his case, but as he had 
no known physical abnormality it seems more likely that this is merely a 
reflexion of the greater patient co-operation required in measuring the forced 


expiratory volume. 


In three subjects (R.J.8., L.P. and M.B.) a large number of airway resistance 
measurements were made with the single interruptor: valve. This gave 2-3 
times higher values for expiratory resistance, while inspiratory resistance did 
not differ significantly from that indicated by the multiple-interruptor valve. 
The variation in the expiratory measurements (as shown by the standard 
deviation of a single observation) was also 2-3 times greater with the single 


interruptor valve. 
The pressure—flow equation 

The multiple-interruptor valve was designed to give a resistive pressure 
proportional to the 1-6th power of flow because human airway resistance was 
thought to conform to this pattern. The theoretical curve of Rohrer (1915) 
does fit fairly closely to such a formula (Fig. 5). Oesophageal pressure data 
obtained by Mead & Whittenberger (1954) show a rather less steep slope, but 
the present values with the multiple-interruptor valve are in keeping with the 
formula at flow rates in excess of 30 |./min; at lower rates of flow the coefficient 
progressively falls, 

DISCUSSION 

Measurement of the forced expiratory volume is widely accepted as a simple 
yardstick for the evaluation of airway resistance, and apparatus that permits 
the physician to carry out this test in patients’ homes is now available (Shep- 
hard et al. 1958). However, it is at best an indirect measure of airway resis- 
tance, and in circumstances where muscular power, patient co-operation, or 


total vital capacity is changed, it may give misleading information. Dulfano, 


Herschfus & Segal (1953), Lowell & Schiller (1953), and Thomson & Hugh- 
Jones (1958) have all reported instances where the administration of broncho- 
dilator aerosols produced a parallel increase of fast expiratory volume and total 
vital capacity; and a series of some 3000 field measurements carried out by this 
laboratory (Shephard e¢ al. 1958) have shown a very similar increase of 1, 2 and 
3 sec volumes following use of bronchodilator drugs. It is for this reason that a 
more direct but equally simple test of airway resistance has been = 
| 30- 


‘ 
| 


466 R. J. SHEPHARD 


A portable interruptor valve seems a promising approach. Karlier experi- 
ments on model systems (Vuilleumier, 1944; Otis & Proctor, 1951) showed 
good agreement between ‘lung’ and interruptor pressures, and the present 
observations confirm this coincidence, providing the airway connecting the two 
points is of adequate diameter. However, there is an appreciable increase of 
‘lung’ pressure following interruption. This can readily be explained in terms 
of the kinetics of the system: 

Assuming a gas flow of 2 1./sec along a tube of 1 in. internal diameter, and 72 in. length, the 
initial kinetic energy of the system is approximately 90 g .cm. If frictional losses are negligible, this 
energy will be converted to pressure. An instantaneous pressure of 90 em H,0 in the ‘airway’ will 
rapidly fall to 2-3 cm H,0 as the pressure wave is distributed through the larger gas volume of the 
‘lung’. 


Pressure (cm H,O) 


5 20 30 40 50 60 100 200 
Air flow (1. BTPS/min) 
Fig. 5. Logarithmic plot of resistive pressure against rate of controlled flow. Results of Mead & 
Whittenberger (1954) based on oesophageal pressure measurements: author’s observations 


using multiple-interruptor valve. @, expiration; x, inspiration. Subject R.J.S. (similar 
results obtained for subject L.P.). 


A change of this order would invalidate use of the method in man. However, 


in humans the rise of lung pressure following interruption is much smaller, 
because the excess pressure is largely accommodated by a modest expansion of 
the chest wall (Mead & Whittenberger, 1954). 
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Either a single- or a multiple-interruptor valve can be used. Single interrup- 
tions may be produced by a plate valve of relatively simple construction. 
A good ‘square’ interruption of air flow is obtained, but unless the system is 
complicated by some mechanical provision for acceptance of the middle por- 
tion of the pressure wave, a recording system with a very high frequency re- 
sponse is needed to distinguish initial oscillations from the true interruption 
pressure. Further, the interrupting plate is released after the subject has 
commenced breathing, so that interruptions tend to occur towards the end of a 
respiratory cycle. This leads to high and variable figures for flow resistance, 
particularly during expiration. The multiple-interruptor valve (Clements e¢ al. 
1958) has a higher initial cost, but is much better suited to field studies, since 
automatic scanning of the middle third of the pressure wave and the repetitive 


nature of the wave form permit the use of low-frequericy recording systems. 


However, even multiple-interruptor valve results are difficult to interpret 
where no indication of chest volume is provided. 

Conventional methods of measuring expired gas volume are not applicable 
when using @ portable interruptor valve, partly on account of their bulk, and 
partly because their varying back pressure changes the flow-measuring charac- 
teristics of the valve. One possible approach seemed a Pitot-tube arrangement 
drawing a bead of mercury along a capillary calibrated in volume units, but 
levelling the apparatus proved too difficult for field use. A second and even 
simpler approach rejected the measurement of volume as such. While a rela- 
tively constant gas flow was maintained through the apparatus, volume could 
be considered a linear function of time, and the chest volume at which resis- 
tance was measured could be controlled by a simple timing device. This is the 
principle of the timed airway resistance apparatus described in the appendix. 
Normally the timer is adjusted to measure resistance in the middle third of the 
respiratory cycle. The point of measurement can usually be selected with con- 
siderable precision, but even if this is not possible the form of the resistive 
pressure tracings (Fig. 4) suggests that a certain latitude is permissible in the 
middle third of the respiratory cycle. 

Previous investigators have advanced differing views regarding the effect of 
chest position on airway resistance. Von Neergaard & Wirz (1927) and Fry, 
Ebert, Stead & Brown (1954), both using airway interruption, found an 
increased resistance at decreased chest volumes, greater during expiration 
than inspiration. Otis & Proctor (1951), also using airway interruption, found 
(in one subject) a higher resistance with the lungs ‘as full as possible’ than with 
them ‘as empty as possible’. Mead & Whittenberger (1952), using an oeso- 
phageal pressure technique and subtracting compliance by electrical means, 
found an increase of resistance at the ‘lowest possible mid position’, and a 
decrease at the ‘highest possible mid position’. In a more detailed study 
Butler & Arnott (1955) plotted pressure-volume loops at 8-10 known chest 
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positions in each of five subjects. They noted that below 25% of the vital 
capacity viscous work was greatly increased, particularly in expiration; above 
30% a change of respiratory level caused no alteration of viscous work until 
extreme inspiration, where some subjects showed a small increase, Such wide 
differences of opinion could reflect varying methods, the number of subjects 
used (sometimes very small), or even failure to determine the precise chest 
positions involved, but the most probable explanation seems the wide varia- 
tion in the number of airways patent during successive breaths. Resistance at 
different chest positions should ideally be compared during the same breath, 
and the present technique now makes this possible. The dead space is also 
smaller than in many interruptor valves, minimizing errors associated with a 
varying ratio of dead space to alveolar volume. Assuming the tissue resistance 
to be a small fraction of the total viscous resistance (Marshall & DuBois, 1956), 
the results obtained in this study agree closely with those of Butler & Arnott 
(1955). At low hing volumes, the increasing resistance can be explained largely 
by a reduction of the elastic distending force throughout the lungs with con- 


- sequent narrowing or closure of many airways. During late inspiration, the 


main factor is probably a difference in the ‘time-constant’ for the filling of 
individual alveolar units. Air is no longer traversing many of the low-resistance 
pathways, but the same rate of air flow is maintained; the summed flow 
resistance indicated by the interruptor is thus increased. A time-constant 
effect also seems responsible for the difference between inspiratory and expira- 
tory resistance at small lung volumes. 

During the middle third of each respiration, subjects show the desired rela- 
tionship of P = F}** at flow rates in excess of 30 1./min. Most subjects find 30 |./ 
min a convenient rate to maintain over the vital capacity range. At lower flow 
rates, a further complication is introduced by progressive reduction of the vital 
capacity. This does not seem to have been described previously, and may merely 
represent difficulty in controlling respiratory manceuvres during what 
amounts to 40-50 sec breath-holding. It is true that with the reduced alveolar 


’ volume, gas concentrations in the lungs must also change quite rapidly, but it 


is difficult to visualize the occurrence of a CO, or O, level that would change the 
vital capacity by as much as a litre. 

It seems probable that the maximum differentiation ree normal and 
pathological subjects will be achieved at the point where a vital capacity 
expiration is two-thirds completed. Emphysematous subjects show a further 
increase of resistance in the final third of expiration (Fry et al. 1954), but so do 
many normal subjects, and differentiation of the abnormal actually becomes 
more difficult. However, rigid definition of the optimum chest volume must 


await further use of the timed airway resistance apparatus on abnormal 
subjects. 
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SUMMARY 


1. A multiple-interruptor valve was used to measure airway resistance at — 


controlled flow rates in nine healthy adults and one person with previous 
asthma. 

2. Model experiments showed a considerable rise of ‘lung’ pressure follow- 
ing interruption, but in human subjects this did not occur, probably on account 
of a slight expansion of the chest. 

3. Airway resistance was relatively constant over the middle third of both 
inspiration and expiration, resistive pressure being proportional to the 1-6th 
power of flow over the range 30-60 l/min. During the final third of both inspira- 
tion and expiration resistive pressure rose, owing to differences of time con- 
stant between alveolar units. At low lung volumes narrowing of the airways 
also increased resistance. 

4. A single-interruptor valve was simpler to make, but required a high- 
frequency recording system, and gave high and variable readings for expira- 
tory resistance because lung volume was not controlled. 

5. With the multiple-interruptor valve, lung volume could be controlled by 
recording resistive pressure after constant flow for a known time. A field 
apparatus based on this principle has been developed. 

This work was supported in part by a research grant from the US. Public Health Service, 
National Institutes of Health. 


APPENDIX 

Portable apparatus for timed airway resistance 
The main details of the apparatus are illustrated in Figs. 6 and 7. The inter- 
ruptor valve (Clements ef al. 1958) has a 45° bevel drive from a small 24 V 
electric motor with 150 W lamp in series. Driving parts are deliberately 
arranged to give minimal disturbance of gas flow through the valve. Two 
pressure tappings lead from the interior of the interruptor valve; the ports of 
one are arranged to scan the pressure during gas flow, the other during interrup- 
tion of gas flow. Pressure tubing leads from these taps to two Magnehelic 
gauges via solenoid valves S, and S,. The flow-recording gauge F is promi- 
nently mounted on the backboard with a thick line indicating the reading 
(corresponding to a flow of 30 1./min) that the subject is to maintain through- 
out the vital capacity range. The resistive pressure gauge F is not visible to the 
subject. Pressure during interruptions is fed to the positive side of this gauge. 
Back pressure due to the resistance of the apparatus during gas flow is mechani- 

cally subtracted by feeding to the negative side of the gauge. 
The solenoid valves S, and S, are controlled by a thyratron interval timer 
similar to that used for timing forced expiratory volume, but having a variable 
potentiometer permitting the solenoid circuits to be activated for any time 
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from 1 to 10 sec. The toggle switch is normally in position 1, keeping S, and 8, 
open. Suppose it is now desired to measure the resistive pressure after an expira- 
tion of 3700 ml.; the potentiometer of the timer unit is set to 7-4 sec, and as 
soon as the subject starts to breathe out, timing is commenced by moving the 


Fig. 6. Portable apparatus for timed airway resistance measurement. 


toggle switch to position 2. At 7-4 sec the circuit is broken and the solenoid 
valves close, remaining closed to permit accurate measurement of flow and 
resistive pressure at the selected time. For field use the potentiometer of the 
timer unit may be calibrated directly in millilitres of gas inspired or expired, 
rather than in seconds. 
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al 
Thyratron 
timing 
Mains switch 


Fig. 7. Diagram of apparatus for timed airway resistance (interruptor valve closed). The course of 

gas flow when the valve is open is indicated by arrows. F and R are Magnehelic gauges 

measuring pressures due to gas flow and airway resistance (interruption minus flow) respec- 

try. S, and 8, are electrically operated solenoid valves on the pressure tappings leading to 
these gauges. 
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MITOCHONDRIA AND STORAGE GRANULES FOR 
5-HYDROXYTRYPTAMINE 


By RUTH V. BAKER 
From the Depariment of Pharmacology, University of Ozford 


(Received 7 August 1958) 


A large fraction of the total 5-hydroxytryptamine (5-HT) in a homogenate of 
the dog’s duodenal mucosa, prepared in isotonic sucrose solution, is present in 
an intracellular structure that is sedimented in the gravitational field used 
for the sedimentation of mitochondria (Baker, 19582). 

The intracellular localization of 5-HT presents many analogies to the stor- 
age of both histamine and the catechol amines. These amines are also present 
in granules, and it has recently been shown that the amine-carrying granules 
are distinct from mitochondria, although both are sedimented together in 
isotonic sucrose (Blaschko, Hagen & Hagen, 1957; Barrnett, Hagen & Lee, 
1958). This separation was effected by the use of the density gradient method of 
centrifugation. This method has now been applied to granules obtained from 
the dog’s duodenal mucosa in order to obtain evidence on the localization of 
5-HT in relation to the mitochondrial enzymes. Some of these resulte have 
already been briefly reported (Baker, 19585). 


METHODS 

Preparation of the large-granule fraction. Homogenates of the dog’s duodenal mucosa were pre- 
pared as previously described (Baker, 1958a), and centrifuged at low speed for 20 min at 900 g. 
This low-speed supernatant was decanted and centrifuged for 30 min at 11,000 g to give a high- 
speed supernatant and a high-speed sediment. The high-speed sediment was resuspended in 0-3m 
sucrose to a final volume of 10 ml. This suspension is referred to as the large-granule fraction. 
Ultracentrifugations were carried out in the SPINCO ultracentrifuge, using the swinging bucket 
rotor SW 39L. 

Preparation of the density gradient. The gradient was prepared in the cellulose ultracentrifuge 
tubes by layering measured volumes of sucrose solutions of different concentrations one above the 
other in order of decreasing molarity. The gradient tubes were prepared 18 hr before use and 
kept in a refrigerator at 4°C. Immediately before centrifugation 1 ml. of the large-granule 
fraction was placed in each tube above the gradient and the tubes were centrifuged at 103,000 g 
for 1 hr. The positions of the opaque layers after centrifugation were noted and the tubes were 
cut using the cutter designed by Dr E. H. J. Schuster. This cutter is similar to the one described 
by Randolph & Ryan (1950). The volume of each fraction was noted and determinations were 


carried out immediately. 
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Extraction of 6-HT. The samples were extracted with butanol using the modification of the 
method of Udenfriend, Weissbach & Clark (1955) proposed by Cargill-Thompson, Hardwick & 
Wiseman (1958). Portions of 3 ml. were added, without previous adjustment of pH, directly to 
borate buffer of pH 9-2. In those instances where the volume of sample was very small it was 
made up to 3 ml. with distilled water. The extracted samples were frozen and kept at approxi- 
mately ~17° C until assayed. 

Assay of 5-HT. The rat stomach preparation described by Vane (1957) was used. The strip was 
suspended in Locke-Ringer solution and a gas mixture of 97% O, and 3% CO, was continuously 
bubbled through. Additions, sample or standard 5-HT, were made to the bath every 4 min and 
left in contact with the strip for 1 min. After washing out the strip was allowed to relax without 
stretching. The pendulum auxotonic lever described by Paton (1957) was used. In all experiments 
the amounts of 5-HT have been given in terms of the base. 

Determination of succinic dehydrogenase, fumarase and protein nitrogen. Succinic dehydrogenase 
was estimated spectrophotometrically as described by Kuff & Schneider (1954) using the reduction 
of cytochrome c at 550 my in the presence of cyanide. Fumarase was determined as described by 
Racker (1950), by measuring the increase in optical density at 240 my when malate is reduced to 
fumarate. Protein nitrogen was determined as previously described (Baker, 19582). 


RESULTS 
Distribution of 5-HT and mitochondrial enzymes 


The distribution of 5-HT between the high-speed supernatant and the high- 
speed sediment is shown in Fig. 1. This figure is based on seven experiments in 
which the procedure outlined under Methods was followed. The results are 
very similar to those obtained for the distribution of 5-HT after high-speed 


centrifugation under the conditions employed in the earlier work (Baker, 
1958 a). 


High-speed 


supernatant 


High-speed 


sediment 


YY 

Fig. 1. Dog’s duodenal mucosa; homogenate in 0-3m sucrose. Distribution of 5-HT after high- 

speed centrifugation (11,0009 for 30 min). Percentages in terms of content of low-speed 
supernatant. 


In all samples the protein nitrogen was also determined and the ratio of 
5-HT (wg) to protein nitrogen (mg) was calculated. The mean value for the 
ratio in the low-speed supernatant was 0-64; that for the high-speed super- 
natant was 0-16 and for the high-speed sediment was 2-91. The mean recovery 
of protein nitrogen was 97%. 

A similar distribution was obtained for succinic dehydrogenase. Of the total 
enzymic activity of the low-speed supernatant, 79 % was recovered in the 
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high-speed sediment and only 7 % in the high-speed supernatant. The distribu- : 
tion of the fumarase was somewhat different, 54°/, being recovered in the 
sediment and 47 % in the supernatant. These values for fumarase are similar to 
those published by Kuff (1954). He found 60% of the activity of the low-speed 
supernatant in the high-speed sediment and the remainder in the supernatant. 
The difference between the distribution of succinic dehydrogenase and 
fumarase is probably due to the fact that fumarase is a highly soluble enzyme. 


ae Ultracentrifugation over hypertonic sucrose 

A known volume of the large-granule fraction was placed over solutions of 
hypertonic sucrose in centrifuge tubes and centrifuged for 30 min at 103,000 g 
in the ultracentrifuge. The concentration of the sucrose was varied from one 
| tube to another. 

The appearance of the tubes at the end of the centrifugation depended on 
the molarity of the sucrose solution used. With 1-35 m sucrose little opaque 
material was retained at the boundary and most of the opaque material was 
recovered in the sediment. Conversely, when 1-60 m sucrose was used most of 
the granular material was retained at the boundary and there was very little 
sediment at the bottom of the tube. Intermediate molarities gave results 
between these two. 

The supernatant contents of the tubes were decanted, leaving the sedi- | 
ments behind. The sediment in each tube was resuspended in 0-3 m sucrose to 
a final volume of 5 ml. Protein nitrogen, succinic dehydrogenase and 5-HT 
determinations were carried out on the resuspended sediments and, in some 
experiments, on the supernatant materials. Determinations were always 
carried out on the original large-granule fraction. 

The results of one of these experiments is shown in Table 1. In this experi- 
ment the three different molarities of hypertonic sucrose were 1-40, 1-50 and 
1-60 m. The results are expressed as percentages of the amounts found in the 
large-granule fraction. It can be seen from Table 1 that the total recoveries 
of 5-HT varied from 91 to 101%, those of succinic dehydrogenase from 89 to 
111%. Total protein nitrogen recoveries were 100, 96 and 98%. 

In the experiment shown in Table 1 the amount of 5-HT recovered in all 
three sediments remained high but the percentage recovery of succinic 
dehydrogenase in the sediment decreased from 53 to 3% with a corresponding 
increase in the recovery from the supernatant fluid. After centrifugation over 
1-60 M sucrose, the ratio of 5-HT to protein nitrégen in the sediment was 
3-1 times that in the original large-granule fraction. On the other hand, the 
specific activity of the succinic dehydrogenase was only 10% of that in the 
large-granule fraction. 

Altogether five different experiments of this kind were carried out. The | 
' _ molarities of the sucrose solutions used were varied from one experiment to 
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another. A summary of the results obtained from the sediments only is shown 
in Fig. 2. It can be seen that after centrifugation over 1-6m sucrose only 6%, 
of the total succinic dehydrogenase present in the tube was recovered in the 
sediment. On the other hand, the percentage of 5-HT recovered in the sedi- 
ment was 65°, which does not vary significantly from the values for the 
recovery of 5-HT at the lower molarities of sucrose. 


Taste 1. Distribution of 5-HT and suceinic dehydrogenase after centrifugation (at 103,000 ¢ 
for 30 min) of large-granule suspensions over hypertonic sucrose. In these experiments 
the term supernatant is used for all contents of the tubes except the sediments. Specific 
activities are defined as micrograms of 5-HT or units of enzymic activity per milligram of 


protein N 
5-HT 
Ratio of specific activity 
olarity Recovery (%) 

h A Supernatant : Sediment : 
sucrose solution Supernatant Sediment large granules large granules 
1-40 31 60 0-5 16 
1-50 40 60 0-5 2-6 
1-60 30 71 0-4 31 

Succinic dehydrogenase 
¥ Ratio of specific activity 
Molarity of Recovery (%) ; A 
Supernatant : Sediment: 
sucrose solution Supernatant Sediment large granules large granules 
1-40 58 53 0-9 1-4 
1-50 63 39 0-9 1-7 
1-60 86 3 1-1 0-1 
100 
80 
gol 


135 (140) 1500155 160 
Molarity 

Fig. 2. Ultracentrifugation of large-granule suspension over hypertonic sucrose solutions of 

different molarity (103,000g for 30 min). The recoveries of 5-HT (©) and of succinic de- 

hydrogenase (@) in the final sediments are expressed in per cent of the amounts present in 
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Ultracentrifugation over a density gradient 

The density gradient was set up as shown in Fig. 3a. Immediately before 
centrifugation, 1 ml. of the large-granule fraction was placed in each tube 
above the gradient and the tubes were centrifuged for 1 hr at 103,000 g. The 
appearance of the tubes at the end of the centrifugation is shown diagram- 
matically in Fig. 3b. There were two relatively tightly packed narrow bands, 
one at the top of the gradient (fraction 1) and a second one near the bottom of 
the tube at the boundary between the 1-60M and the 2-0 sucrose (fraction 3). 
In addition there was a much broader and less densely opaque region in the 
middle of the tube (fraction 2). The positions where the tubes were cut are 
shown by the horizontal lines. 


Large granules Wi, 
1-35 


(a) 


Fig. 3. Density gradient experiment. (a) Gradient tube before centrifugation. The large-granule 
suspension (in 0-3m sucrose) was added immediately before centrifugation; the gradient was 
prepared 18 hr earlier. (6) Gradient tube after ultracentrifugation at 103,000 g for 1 hr. 
The three opaque regions are shown diagrammatically. The places where the tube was cut 
are also indicated. Fractions numbered 1 to 4 as shown on the right. 


The distribution of 5-HT, the two mitochondrial enzymes and protein 
nitrogen is shown in Fig. 4. The recoveries are expressed in percentages of 
the amount present in the large-granule fraction. 

It can be seen that 41%, of the protein nitrogen was retained at the top of 
the gradient together with small amounts of enzyme and 5-HT. The maximum 
recovery of both fumarase and succinic dehydrogenase was in fraction 2: 
much less enzyme was present in fraction 3 and none in fraction 4. The curves 
representing the distribution of the two mitochondrial enzymes are very 
similar. The curve showing the distribution of 5-HT was entirely different, 
with a maximum in fraction 3, which contained more than 50 % of the amount 
present in the large-granule fraction. 


DISCUSSION 


The experiments just described show that the sediments obtained by high- - 
speed centrifugation contained not only large amounts of 5-HT but also of 
the two mitochondrial enzymes studied, succinic dehydrogenase and fumarase. 
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When this sediment was resuspended in isotonic sucrose solution and centri- 
fuged at very high speeds over strongly hypertonic sucrose, the distribution 
of 5-HT was found to differ from that of succinic dehydrogenase. After 
centrifugation over 1-60m sucrose most of the succinic dehydrogenase activity 
was retained at the boundary, whereas the greater part of the 5-HT was re- 
covered in the sediment. 


1 2 3 
Fraction 
Fig. 4. Contents of fractions 1-4 from density-gradient experiment in protein nitrogen, B—#; 
succinic dehydrogenase, @—@; fumarase, @—@, and 5-HT, O—O. Recoveries as per- 
centage of amounts present in large-granule suspension. 


In a density gradient the two mitochondrial enzymes were very similarly 
distributed indicating that they are, in fact, present in one and the same 
type of granule. The homogenates of duodenal mucosa must be derived from 
a great diversity of cell types, and the remarkable parallelism of distribution 
of the two enzymes indicates a fundamental similarity between these cell 
organelles from different sources. It must be noted that mitochondria in’ 
different cells are known to differ in size, but size is probably not important in 
determining the final distribution of particles after centrifugation in a gradient 
tube. In the present series of experiments very little of the enzymic activity 
penetrated the 1-55 m sucrose solution, showing that the physical properties of 
the mitochondria in the dog’s duodenal mucosa are very similar to those of the 
bovine adrenal medulla (Blaschko et al. 1957) and from the mouse liver (Kuff 
& Schneider, 1954), 

In the gradient tube the 5-HT had a distribution entirely different from 
that of the mitochondrial enzymes, the maximum recovery being lower down 
the tube. Two interpretations of these results are possible: either the 5-HT 
is carried in granules other than those that carry the mitochondrial enzymes, or 
the 5-HT is present in a small fraction of the mitochondria. The methods used 
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in the present work do not give an answer to this problem. However, in view 
of the observations on the chromaffin granules of the adrenal medulla (Lever, 
1955; Sjostrand & Wetzstein, 1956; Wetzstein, 1957) and on mast cell granules 
| (Smith & Lewis, 1957), which have revealed the presence of both mitochondria 
and a second kind of granule, it seems likely that all types of amine-carrying 
granules are intracellular structures distinct from mitochondria. 

The 5-HT-carrying granules are similar to those carrying histamine and 
i those that carry catechol amines in that they are denser than mitochondria. 
The amine-carrying granules seem to differ in this respect from the storage 
sites for acetylcholine which, in the density-gradient tube, are recovered above 
succinic dehydrogenase (Hebb & Whittaker, 1958). 


064 (7) 21 (14) 880 (2) 
Low-speed High-speed 16M sucrose 
supernatant sediment sediment 


Fig. 5. Content of 5-HT (yg/mg protein nitrogen) in low-speed a. in high-speed 
sediment and in sediment after ultracentrifugation over 1-6m sucrose. Figures in brackets 


give number of experiments. 


There has been some doubt as to the state of 5-HT in the cell. Bogdanski, 
Weissbach & Udenfriend (1957) and Brodie (1958) did not obtain evidence of a 
specific storage location of 5-HT in the rabbit’s gastric mucosa. Walaszek & 
,  Abood (1957) have reported the presence of 5-HT in brain mitochondria. 

The work described in this paper has demonstrated once again the useful- 
ness of the density gradient method of centrifugation for the isolation of 
specific cell constituents. Fig. 5 gives the 5-HT contents of the low-speed 
supernatant, the large-granule fraction and the sediment after centrifugation 
) | over 1-60M sucrose, in terms of protein nitrogen. The large-granule fraction 

contains four times as much 5-HT per milligram of protein nitrogen as the 
low-speed supernatant, and the final sediment contains, in terms of protein 
nitrogen, twelve times as much 5-HT as the low-speed supernatant. This 


. |; progressive increase in 5-HT as a result of successive centrifugations leaves 
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no doubt that there occurs a progressive concentration of a cell organelle that is 
rich in 5-HT. The simplest interpretation of these observations is that this is 
the storage site of 5-HT in the cell and that this organelle is a structure distinct 
from mitochondria and analogous to the chromaffin granules of the adrenal 
medulla and the histamine-carrying granules of mast cells. 


SUMMARY 


1. The distribution of 5-HT, succinic dehydrogenase and fumarase in 
homogenates of the dog’s duodenal mucosa has been studied. 

2. Much of the enzymic activity and of the 5-HT was recovered in the large- 
granule fraction. 

3. By means of ultracentrifugation over hypertonic sucrose it was demon- 
strated that the 5-HT is distributed differently from the two mitochondrial 
enzymes. 


This work, carried out during the tenure of a Medical Research Council Scholarship, has been 
greatly helped by a grant given by the Royal Sotiety to Dr H. Blaschko. 
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THE VARIATIONS WITH RESPIRATION IN EFFECTIVE RIGHT 
AND LEFT ATRIAL PRESSURES IN THE DOG 


By J. C. G. COLERIDGE anv R. J. LINDEN 


From the Department of Physiology, School of Medicine, 
University of Leeds 


(Received 3 September 1958) 


Opdyke & Brecher (1950) have described the effect of respiration on effective 
right and left atrial pressures in anaesthetized dogs. Like all previous workers, 
they had first to open the chest in order to cannulate the left atrium; but 
Opdyke & Brecher then closed the chest and reduced the pneumothorax to 
restore natural respiration. However, with the development of a technique 
for cannulating the left atrium through the trachea (Allison & Linden, 1953) 
and its application to the recording of effective atrial pressures in the dog 
(Coleridge & Linden, 1953), it becamé possible to make a direct study of the 
respiratory changes in effective pressure in the two atria without the necessity 
of opening the chest. 

This paper reports the respiratory changes in atrial pressures recorded by 
this method. The results differ in several respects from the findings of Opdyke 
& Brecher (1950). The results will also be discussed in relation to the respi- 
ratory variations in the discharge of receptors situated in the atria or great 
veins near the heart. 


METHODS 


ts were performed on ten dogs; two were anaesthetized with ether and chloralose 
(0-1 g/kg intravenously) and the remainder, following premedication with morphine sulphate 
(3 mg/kg subcutaneously), were given intravenously 0-25 ml/kg of a 1:1 mixture of Dial Com- 
pound ( thane, Ciba) and sodium pentobarbitone (Nembutal, Abbott Laboratories 
Ltd.) solutions, followed 1 hr later by morphine sulphate (1-5 mg/kg subcutaneously). 

Pressure recording. The animals were placed supine with their chests intact. Pressures were 
recorded simultaneously from the right and left atria, and the aorta; intrathoracic pressure was 
recorded from the right medial pleural space. The right atrium was cannulated through the right 
external jugular vein, the left atrium and the right medial pleural space were approached through 
the trachea, and the aorta was cannulated through the left carotid artery, which was ligated. 
The technique of cannulation and the optical manometers used for recording pressures have been 
described previously (Coleridge & Linden, 1954). 

Complete manometer systems had undamped natural frequencies of 180 c/s for the right atrial 
system, 120 c/s for the left atrial system and 200-400 c/s for the arterial pressure recording system ; 
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damping was negligible in these systems. The atrial manometers had a sensitivity of 1 mm paper 
) deflexion for 1-4 cm H,O, and the arterial manometer 1 mm paper deflexion for 5-6 mm Hg. Air 
+} > transmission was used in the intrathoracic pressure recording system and the sensitivity was of 
the order of 1 mm paper deflexion for 1-0 cm H,O. Measurements were made to 0-1 mm paper. 
| The atmospheric zero for each manometer was recorded before and after each record. The 
positions of all cannulae were checked post-mortem. In fluid-filled manometers ‘true’ zero was 
. compared with atmospheric zero by recording the pressure at the cannula tip when this was free 
: in air, post-mortem. This was done after cutting away the respective heart chambers and vessels 
and making sure that no obstruction was caused by blood or floating lungs. The manometers were 
calibrated against stepwise alterations in pressure on a water or mercury manometer. 
Measurement of pressure. All atrial pressures are presented here as effective pressures, obtained 
by subtracting from the atrial pressure the intrathoracic pressure recorded simultaneously. 
Measurements were made at three points in each cardiac cycle, shown in Fig. 1: the ‘BA’ point, 
just before the onset of atrial systole; the ‘A’ point, at the height of atrial contraction; and the ‘V’ 
, point, just before the second heart sound artifact (Opdyke, Duomarco, Dillon, Schreiber, Little & 
Seely, 1948). 


| 


*BA’ 


cr 


Fig. 1. To show positions of ‘BA’, ‘A’ and ‘V’ points. From above downwards: time 1/50 sec, 
aortic pressure, atrial pressure. Intersection of the lines ‘BA’, ‘A’ and ‘V’ with the atrial 
curve indicates the points at which the pressures are measured. 


RESULTS 

Normal respiration 

In different experiments the respiratory rate ranged from 6 to 20/min, and the 
: inspiratory fall in intrathoracic pressure varied from 3-0 to 13 cm H,0. The 
t heart rate ranged from 50 to 200 beats/min, and there were from 1 to 7 cardiac 
h cycles during inspiration. 

: The most consistent changes in effective atrial pressure with respiration were 
found at the ‘V’ point. 


1 Right atrial ‘V’ point. Fig. 2 is typical of thirty-one records examined; 
3 +f» the effective pressure at the ‘V’ point in the right atrium was steady during 
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the latter part of the long expiratory pause, rose during the first cardiac cycle 


of inspiration, and fell during expiration, returning to its original levelin the — 


first cardiac cycle of the following expiratory pause. In the experiment 
depicted in Fig. 2 there was an increase in effective pressure at the right atrial 
‘V’ point of 1-5 cm H,O during a normal inspiration which produced a change 
in intrathoracic pressure of 45cm H,O. In thirty-one records the increase 
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Fig. 2. Normal respiration. In Figs. 2-6 the composite diagram shows from above downwards: 
time 1/50 sec; AO, aortic pressure; LA, left atrial pressure; RA, right atrial pressure; MPL, 
medial pleural pressure; one zero reference line (for convenience three other zero lines are not 
shown). Below this line is a plot of the effective atrial pressures at the ‘BA’, ‘A’ and ‘V’ 
points, each point being plotted vertically under the corresponding point on the pressure 
record above: open circles, left atrial pressure; filled circles, right atrial pressure. Pressures 
in om. H,O, except aortic pressure which is in mm Hg. 


in right atrial ‘V’ point pressure ranged from 1-0 to 4-5 cm H,O and, in any 
one dog, varied with the depth of inspiration. For example, in Figs. 3 and 4 
respectively: with inspiratory excursions of 4-5 and 8-5 cm H,0 in the intra- 
thoracic pressure, the effective right atrial pressure at the ‘V’ point rose by 
30 and 45cm H,0. If there were more than one cardiac cycle during in- 
spiration, the pressure at the ‘V’ point in the right atrium continued to rise 
until the onset of expiration. 
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Left atrial ‘V’ point. In the left atrium the effective pressure at the ‘V’ | 
_ | ___ point never increased at the beginning of inspiration; it either remained steady | 
| (Figs. 3, 4) or fell (Figs. 2, 5). This initial fall in pressure was never more than | 
| 20cm H,O and it was not greater with deeper respiration. Thereafter the 
pressure invariably increased and, if there were at least two cardiac cycles 
during inspiration, the increase began before the end of inspiration. In all 
' cases the pressure reached its highest level approximately during, or just after, 
; | expiration and remained higher than the pre-inspiratory level for the first 
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Fig. 3. Normal respiration. Same animal as in Fig. 4. Composite diagram 
as in Fig, 2. 


{ one or two beats of the respiratory pause (Figs. 2, 5). In different experiments 
the increase in pressure ranged from 1-0 to 3-0 cm H,O and varied directly 
with the depth of inspiration. For example, with an inspiratory decrease in 
intrathoracic pressure of 4:5 and 8-5 cm H,O respectively (Figs. 3, 4), the — 
effective left atrial pressure increased by 1-5 and 3-0 cm H,0. 
| Right and left atrial ‘A’ and ‘BA’ points. The changes in effective pressure 
at the ‘A’ and ‘BA’ points will be considered together because the pressures 
at these two points always changed in the same direction with respiration, 
although not to the same extent. 

In both atrial pressure curves the changes at the ‘A’ and ‘BA’ points were 
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less consistent than those at the ‘V’ point; at the ‘A’ point, for example, all 
gradations of pressure change from an increase of 6-0 cm H,0 toa decrease of 
7-0 cm H,O were observed. Nevertheless, the results could be divided into 
two groups. In those records in which the heart rate was regular, i.e. with little 
or no sinus arrhythmia (e.g. Fig. 4), the pressure at the ‘A’ and “BA’ points 
changed in the same direction as the pressure at the “V’ point in the same 
atrial pressure curve (group I). But in those records showing marked sinus 


Fig. 4. Same animal as in Fig. 3; deeper respiration produced by partial obstruction 
of the tracheal cannula. Composite diagram as in Fig. 2. 


arrhythmia (e.g. Fig. 5) the pressures at the ‘A’ and ‘ BA’ points fell throughout 
inspiration (group II); and the greater the increase in heart rate during inspi- 
ration the greater was the fall in effective pressure at these two points. 

Whether the pressures at the ‘A’ and ‘BA’ points rose or fell during inspira- 
' ation, the difference between the two pressures (i.e. the height of the ‘a’ wave) 
always decreased with inspiration and increased again with expiration. Alter- 
ations in this pressure difference reflected alterations in the rate of change of 
pressure during atrial contraction, because the duration of atrial contraction 
varied little during a respiratory cycle. The flattening of the ‘a’ wave with 
inspiration can be well seen in the atrial pressure records at the top of Figs. 2 
and 5. 
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| Positive-pressure ventilation 
| With positive-pressure ventilation from a Starling ‘Ideal’ pump, sinus 
| arrhythmia was always present; the duration of successive cardiac cycles 
decreased by as much as 0-1 sec with inflation. 

In the right atrium the effective pressure at the ‘V’ point fell at, or soon 
{ after, the onset of inflation; in the record shown in Fig. 6 the pressure fell 
: ‘ during the second cardiac cycle of the period of inflation. In any one dog the 
fall was proportional to the change in the intrathoracic pressure. After this 


Fig. 5. Normal respiration. Composite diagram as in Fig. 2. 


initial decrease the subsequent course of the effective pressure at the ‘V’ point 
in the right atrium depended on the heart rate. With a low heart rate, the 
pressure continued to fall until the end of inflation and then it immediately 
returned to the level of the previous expiratory pause (Fig. 6); but when the 
heart rate was more than approximately 150 beats/min the pressure started to 
rise again before the end of inflation although it only reached the level of the 
previous respiratory pause after the end of inflation. 

{ By contrast, there appeared to be no consistent pattern of pressure change 
at the ‘V’ point in the left atrium. In some respiratory cycles the effective 
pressure rose throughout inflation and fell immediately in the first cardiac 
cycle of expiration; in others the pressure decreased throughout inflation and 
increased again during the first cardiac cycle of the pause after expiration ; 
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and in others (e.g. Fig. 6) the pressure was high at the end of the expiratory 
pause, rose higher in the first cycle during inflation and then fell throughout 
the remainder of inflation and during expiration, not rising again until the 
second cycle after expiration. 

In both the right and left atrium the pressures at the ‘A’ and ‘ BA’ points 
followed a similar pattern to that of the pressure at the ‘V’ point in the same 
atrial pressure curve (Fig. 6). The height of the ‘a’ wave in the right atrial 
pressure curve decreased during inflation while that in the left remained the 
same or increased. 


1 sec 
Fig. 6 Positive-pressure inflation. Composite diagram as in Fig. 2. 


DISCUSSION 


Central venous pressures have usually been expressed as mean pressures. The 
objections to the use of mean atrial pressures as an indication of changing 
dynamic events in the atrium have been stressed by Opdyke et al. (1948) and 
by Little, Opdyke & Hawley (1949). Significant dynamic events at one part 
of the cardiac cycle may not be observed as changes in the mean pressure 
record; for instance, in successive cardiac cycles the pressure at one point in 
the cycle may increase while at another it may decrease (e.g. Fig. 5). Also 


“pressure changes’ due to artifacts modify the mean pressure record to an 
unknown degree. 
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Even if dynamic events are recorded there is still the problem of the actual 
points on the pressure curve which should be taken for measurement. Wiggers 
(1914) measured the pressure at the top of the ‘v’ wave; Werle, Cosby & 
Wiggers (1942) measured the pressure at the ‘Z’ point, just before the onset of 
ventricular contraction. But accurate measurement at these points is 


- difficult: the top of the ‘v’ wave is distorted by the artifact of the second heart 


sound; while, if ventricular contraction starts during atrial relaxation, the 
‘Z’ point occurs on a steeply falling part of the pressure curve, where it is 
difficult to define precisely and a small lateral displacement will result in a 
large error in the measured pressure. In the present investigation measure- 
ments were made at three points (‘BA’, ‘A’ and ‘V’) on the atrial pressure 
curves which could be located precisely and at which instrumental artifacts 
were not likely to occur. Pressures have been measured previously at the same 
points on both atrial curves by Opdyke et al. (1948) in the dog with the chest 
open, and at somewhat similar points on the right atrial pressure curve in man 
by Lauson, Bloomfield & Cournand (1946). 

Pressures at the ‘BA’, ‘A’ and ‘V’ points are associated with different 
dynamic events in the atria. The pressure at the ‘BA’ point is a function of the 
volume of, and the pressure-volume relationships in, the atrioventricular 


system. At this time the A-V valves are open and the whole heart in diastole, — 


so that the beat-to-beat changes in pressure at the ‘BA’ point will give an 
indication of the beat-to-beat changes in distension of the atrioventricular 
system, provided there are no changes in the pressure-volume relationships. 
On the other hand, the pressure at the ‘V’ point is a function of the volume 
of, and the pressure-volume relationships in, the atrium alone, since the 
A-V valves are then closed. The beat-to-beat changes in pressure at this point 
will give an indication of the beat to beat changes in distension of the atrium. 
The ‘A’ point indicates the highest pressure developed during atrial contraction. 

Many investigations have been made to determine the effect of respiration 
on effective right atrial pressures (e.g. Bloomfield, 1945; Wiggers, Levy & 
Graham, 1947; Seely, 1948), on effective left atrial pressures (e.g. Hamilton, 
Woodbury & Vogt, 1939), and on effective right and left atrial pressures 
simultaneously (Wiggers, 1914; Brookhart & Boyd, 1947; Opdyke & Brecher, 
1950). Nevertheless, most previous results are not strictly comparable with 
those obtained in the present experiments because, as well as using mano- 
metric systems with low natural frequencies, most investigators have recorded 
intrathoracic pressure at a point some distance from the heart; and it has been 
shown that the intrathoracic pressure used in calculating effective atrial 
pressure should be recorded as near to the heart as possible, preferably from 
the medial pleural space (Coleridge & Linden, 1954). However, Seely (1948) 
recorded intrathoracic pressure with a trocar thrust into the anterior media- 
stinum ‘in close proximity both to the tip of the right auricle and root of the 
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aorta’. Using this pressure to calculate effective right atrial pressure, he 
found little change with inspiration; it seems possible that he was not re- 
cording the intrathoracic pressure which affected the right atrium. 

Before the introduction of the technique of left atrial cannulation via the 
trachea it was necessary to open the chest, insert the cannula, close the chest 
and then attempt to aspirate all the air (Opdyke & Brecher, 1950); but, owing 
to the inevitable retention of a partial pneumothorax, this operation alters 
the normal intrathoracic pressure relationships (Wiggers et al. 1947; Coleridge 
& Linden, 1954). Despite this important difference in technique some of the 
results reported here are similar to those of Opdyke & Brecher (1950). They 
also found that the effective pressure at the ‘V’ point in the right atrium 
increased with normal and deep inspiration and decreased during expiration ; 
and decreased during positive pressure ventilation. But the respiratory 
changes in effective pressure at the left atrial ‘V’ point wére different from 
those reported by Opdyke & Brecher (1950). They found no significant change in 
pressure with normal respiration and only a small increase in pressure when 
respiration was deep; whereas in our experiments there was always even- 
tually an increase in pressure during normal respiration, and greater changes 
were found with deep respiration. Furthermore, Opdyke & Brecher observed 
a small but consistent decrease in pressure at the ‘V’ point in the left atrium 
during positive-pressure inflation, whereas we found that the pressure changes 
were variable. Opdyke & Brecher (1950) did not comment on the respiratory 
changes in pressure at other points on the atrial curves. 

In seeking explanations of the changes we have observed, one important 
factor must obviously be an increased flow to the right atrium which is known 
to occur with inspiration (Baxter & Pearce, 1951; Brecher & Mixter, 1952: 
Brecher & Hubay, 1955). In experiments of the type of group I, where there 
was no change in heart rate with inspiration, the increased inflow explains 
the change in atrial pressure in the same direction at all three points in the 
cardiac cycle. 

In the experiments in group II the heart rate increased during inspiration 
and the explanation of the observed changes is thus more difficult. As the 
heart rate increased, the diastolic period decreased, whereas the duration of 
each ventricular systole was not appreciably altered. This is well illustrated 
by the results of a typical record plotted in Fig. 7, in which the duration of 
diastolic filling up to the ‘BA’ point shortened from 0-6 to 0-1 sec during 
inspiration, while the duration of ventricular systole varied only 0-02 sec 
from a mean of 0-2 sec. Therefore, because of the decrease in filling time, in 
the shorter cardiac cycles the pressure in the atrioventricular system did not 
rise a8 high before atrial systole began, as it did in the longer cycles with the 
longer filling times, and so a decrease in pressure at the ‘A’ and ‘BA’ points 
occurred despite the increased flow to the right atrium during inspiration. 
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) However, the filling time of the atrium alone up to the ‘V’ point, ie. during : 
| ventricular systole, did not vary and so the increased flow in inspiration caused i 
| an increase in pressure at the ‘V’ point in successive cycles. 

Finally, since changes in effective atrial pressure may be due either to active 
changes in the tension of the atrial wall, e.g. during atrial systole or to passive 
distension as in atrial filling, these results are of some interest in regard to the 
; ie origin of the discharge from atriovenous receptors. Paintal (1953) described 
4 two types of atrial receptor in the cat: type A, which was said to respond to 

changes in atrial pressure and which typically showed a burst of impulses in 
: their vagal fibre at the ‘a’ wave of the atrial pressure record and usually also 
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| Fig. 7. To show changes in duration of systole and diastole during a normal respiration in a dog 
with marked sinus arrhythmia. Pressure records as in Fig. 2. In D each point is plotted 
vertically below a ‘BA’ point and represents the time in seconds between this point and the 
previous ‘V’ point (diastolic period). In 8 each point is plotted below a ‘V" point and 
represents the time between this point and the previous ‘Z’ point (systolic period). 


at the ‘v’ wave; and type B, which was said to respond to changes in stretch 
or filling in the atrium, and which discharged during the ‘v’ wave. Further- 
| more, assuming that respiration had consistently different effects upon the 
pressures in the two atria, changes in impulse activity with respiration have 
been used to distinguish right from left atrial receptors in the cat with intact 
chest (Whitteridge, 1948). 

In evaluating the different factors which may initiate atrial nee 
| discharge, the relation between the beat-to-beat changes in receptor dis- 
charge with respiration in the intact animal and the corresponding beat-to- 
beat changes in effective atrial pressure must be taken into account. However, 
owing to technical difficulties, there is little direct information about the 
‘|; respiratory changes in effective right atrial pressure in the intact cat, and none 
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about the changes in the left atrium; and although atrial impulse activity has 
been recorded in the dog (e.g. Henry & Pearce, 1956; Coleridge, Hemingway, 
Holmes & Linden, 1957) it has not been directly related to effective atrial 
pressure in the intact dog. 

Consequently, in the absence of more direct information, it is interesting 
that some parallels can be found between the changes in impulse frequency in 
atrial fibres (Whitteridge, 1948; Paintal, 1953) and the changes in effective 
atrial pressure during respiration described in this paper. The frequency of 
discharge at the ‘v’ wave from type B receptors in the right atrium increased 
with the first cardiac cycle of a normal inspiration, the frequency reached a 
peak at the height of inspiration and decreased immediately with expiration. 
With receptors in the left atrium the frequency of discharge did not increase 
in the first cardiac cycle of inspiration but usually in the second or third cycle, 
and this increase was sometimes preceded by a decrease in the frequency of 
discharge; the maximum rate of discharge occurred approximately with 
expiration. In the present experiments the changes in effective pressure at the 
*V’ point in the corresponding atria have been found to follow a similar time 
course. 

In the case of type A receptors, the changes reported in the ‘v’ wave dis- 
charge with normal respiration are, as might be expected, similar to those 
reported with type B. The respiratory changes in the discharge at the ‘a’ 
wave have been less fully described; but in considering the stimulus to type A 
receptors, which discharge at more than one phase of the cardiac cycle, the 
fact that the direction of change of effective atrial pressure with respiration 
may be different at different points on the atrial curve must be taken into 
account. 


SUMMARY 


1. The effects of respiration on the effective right and left atrial pressure 
have been investigated in the anaesthetized dog without opening the chest. 

2. Pressures in the right and left atria, the aorta and the medial pleural 
space were recorded simultaneously with optical manometers. Effective atrial 
pressures were calculated at three points on the atrial curves (‘A’, ‘BA’ and 
points). 

3. In the right atrium the pressure at the ‘V’ point always increased with 
normal inspiration and decreased with positive-pressure inflation. At the ‘V’ 
point in the left atrium the effective pressure either remained steady or fell at 
the beginning of inspiration; subsequently the pressure rose to reach a peak 
approximately during expiration. With positive inflation the changes at the 
left atrial ‘V’ point were variable. 3 

4. During inspiration the effective pressure at the ‘BA’ and ‘A’ points 
changed in a similar direction to that at the ‘V’ point in the same atrial 
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pressure curve when the heart rate was regular; but the pressure at these two 
points decreased throughout inspiration when the heart rate increased owing 
to sinus arrhythmia. 

5. The results are discussed in relation to previous observations on the 
respiratory changes in effective atrial pressure, and also in regard to respiratory 
changes in the impulse frequency from atriovenous receptors. 


We are indebted to Prof. A. Hemingway and Dr W. J. O'Connor for advice and criticism. 
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THE LIBERATION OF ADENOSINE TRIPHOSPHATE ON 
ANTIDROMIC STIMULATION OF SENSORY NERVES 


By PAMELA HOLTON 


From the Department of Physiology, St Mary’s 
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(Received 3 September 1958) 


There has been considerable interest recently in the identity of the chemical 
transmitter released from sensory nerve endings to cause antidromic vaso- 
dilatation in the skin. Both substance P (Lembeck, 1953) and adenosine 
triphosphate (ATP: Holton & Holton, 1954) are active vasodilators and have 
been found in extracts of dorsal roots and there is some evidence in favour of 
each of them being regarded as the transmitter. However, there is no evidence 
that substance P is released when sensory nerves are stimulated and until 
now the evidence that ATP is released has not been conclusive. 

When rabbits’ ears are perfused with Locke’s solution, antidromic stimu- 
lation of the great auricular nerve results in a specific increase in the optical 
density at 260 my in samples of the venous effluent (Holton & Holton, 1953). 
The difference between the absorption spectra of samples collected during 
stimulating and during control periods is typical of that produced by substances 
containing purine and pyrimidine rings, including ATP and its break-down 
products. Other evidence (Holton & Holton, 1954) showed that vasodilatation 
due to antidromic stimulation in the rabbit’s ear was similar in its time course 
to that caused by injection of ATP. It was therefore suggested that stimu- 
lation of the great auricular nerve liberated ATP, which played some part in 
causing the vasodilatation in the intact ear, and passed into the circulation to 
appear in the effluent from the perfused ear. Holton & Holton’s observations 
did not identify the absorbing substance as ATP nor did they exclude the 
possibility that the substance came from the blood. In the present work these 
experiments have been extended using a specific method for assaying ATP. 
It has now been shown that ATP is liberated when the great auricular nerve is 
stimulated and that it does not come from the blood. 
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METHODS 

Perfusion method 
Rabbits’ ears were perfused by Rischbieter’s (1913) method at pressures from 40 to 200 mm Hg 
to obtain a suitable rate of flow of perfusion fluid (0-05-1 ml./min). The dissection was carried 
out under urethane anaesthesia and care was taken that the blood flow through the ear was 
stopped for as short a time as possible, usually less than 2 min, before the perfusion was established. 
In most experiments the perfusion fluid was 6% dextran (Intradex, Glaxo Ltd. or Dextraven, 
Benger Laboratories Ltd.) to.which salts were added to give the composition of Locke's solution 
(NaCl 9, KCl 0-4, CaCl, 0-24, NaHCO, 0-5, glucose 1-0 g/1.) and a pH of 7-3-7-4 after equilibration 
with oxygen containing 5% CO,. In a few experiments Locke’s solution without dextran was 
used and similar results were obtained, but the ear became oedematous after a few hours’ 
perfusion. 

The perfusion was at room temperature. The venous effluent was collected in centrifuge tubes 
surrounded by crushed ice and was kept cool until it was tested. It was centrifuged for 5 min to 
sediment the erythrocytes which were washed out of the tissues, and the supernatant was used 
for analysis. 

The great auricular nerve was stimulated electrically by square pulses (1 msec, 30 V, 10 or 
20/sec) for periods of 1-5 min, using platinum electrodes applied directly. 

The skin was stimulated, after clipping the hair and cleaning with ether, using silver rod 
electrodes 2 mm diameter, 3 cm apart, coated with electrode jelly. The stimulation was adjusted 
so that it was just painful on the back of the author’s hand (usually 2 msec, 40 V, 20/sec). 

Sympathectomized ears were prepared by removal of the ipsilateral stellate and superior 
cervical ganglia 1-5 weeks before the perfusion. Denervated ears were prepared by cutting the 
great auricular and lesser auricular nerves and Arnold’s nerve (Grant, Bland & Camp, 1933) and 
by removal of the superior cervical ganglion, 1-2 weeks before the perfusion. These operations 
were carried out under pentobarbitone and ether anaesthesia with full aseptic precautions. 


Measurement of ATP 

The firefly luminescencte method described by Strehler & Totter (1952, 1954) was used, with 
modifications to obtain high sensitivity. Dried firefly lanterns were extracted with 0-1 arsenate 
buffer, pH 7-4. This extract was found to emit light which interfered with the measurements and 
was presumably due to endogenous ATP. This spontaneous lumines¢ence declined slowly and was 
accompanied by a decrease in the sensitivity to added ATP. Observations on the effect of storage 
for different periods at various temperatures were made and it was found that storage at 0° C 
for 16-24 hr resulted in the optimum combination of high sensitivity with minimum spontaneous 
luminescence. This procedure was therefore adopted. After storage the extract was centrifuged 
and magnesium sulphate was added to the supernatant which was kept at 0° C. For each determi- 
nation 0-5 ml. of this enzyme solution was placed in a cuvette (H 585, Hilger and Watts Ltd.) 
between a plane mirror and a photomultiplier (6097 B, E.M.I. Electronics, Ltd.) which was 
attached to a power pack and galvanometer. After taking a zero reading, 0-5 ml. test solution 
was added and a stopwatch started and exactly 10 sec later the galvanometer deflexion was 
measured. The final mixture contained 0-025m arsenate buffer, extract of 2-5 mg dry weight 
firefly lanterns, 10 mg MgSO,.7H,O and 0-5 ml. supernatant of perfusion fluid in a total volume 
of 1 ml. The reaction took place at room temperature. Under these conditions it was usually 
possible to detect 2 pmoles ATP in 0-5 ml. test solution (containing 154 m-equiv of chloride/1.). 
In the absence of chloride the sensitivity was approximately doubled. This is the same degree of 
sensitivity as that found by Strehler & Totter (1952) using a quantum counter at liquid nitrogen 
temperatures. 

In a few experiments the enzyme preparation was found to be inhibited by the venous effluent 
from the rabbit’s ear. This was overcome by addition of sodium pyrophosphate, to give a final 
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concentration of 20 nmoles/ml., to the test solution before adding it to the enzyme. Suitable 
control observations were made to allow for the effect of pyrophosphate itself on the enzyme 


(McElroy, 1951). 
Haemoglobin estimations 

In some experiments the haemoglobin in the test solutions was estimated colorimetrically by 
using O-toluidine tablets (Occultest, Ames and Co. Ltd.) as described by Watson- Williams (1955). 
The method was sensitive to 1 part in 10° haemolysed rabbit's blood and test solutions were 
compared visually with serial dilutions (10, 5 x 10-*, 2 x 10-*, 10-*, ete.) of haemolysed blood 
from the same animal. The estimates were of the degree of haemolysis and were subject to a 
maximum error lying in the range - 60 to + 150%. 


RESULTS 
| Measurement of ATP 
The galvanometer deflexion 10 sec after addition of the test solution was 
linearly related to the amount of ATP present therein. This is illustrated in 
Fig. 1, in which the concentrations are given in pmoles for ATP diluted in 
perfusate collected during a control period. This provided a control for possible 
inhibitory substances which might be washed out of the ear. 


é 40 “36 
ATP (pmoles) 
Fig. 1. Ordinates: galvanometer deflexion 10 sec after adding test solution. Abscissae: 
amount of ATP (pmole) added to perfusate collected during a control period. 


ATP im the perfusate 
Supernatants from the venous effluent were tested as soon as it appeared 
free from blood. Usually there was no detectable ATP but occasionally the 
initial samples contained a small amount. When this occurred the control 
period. was continued until no ATP was found, except in one experiment 
(Expt. 16 of Table 4) where control samples contained a small amount of ATP 
even after prolonged perfusion. The reason for this exceptional result is not 
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known but it is conceivable that the cut end of the nerve was unintentionally 

irritated. 

’ When the great auricular nerve was stimulated, ATP appeared in the per- | 

fusate, as is shown in Fig. 2. In this record of galvanometer readings addition . 

of supernatants collected for 5 min periods, during stimulation ($1 and S2) HM 
and immediately afterwards (AS1 and AS2), caused deflexions similar to | 

2 those produced by ATP, whereas supernatants from control samples (C1 and 4 

g . ‘ C2) immediately preceding stimulation were without activity. The results 

illustrated in Fig. 2 were obtained from a preparation which had been 

|} previously sympathectomized so that the great auricular nerve contained only 

sensory fibres. In this experiment the nerve was stimulated for 5 min on each 

occasion, causing total outputs of ATP of 31 pmoles for the first period of 


1 
30r iin 


c1 $1 AS1 c2 $2 AS2 2 4 10 


Fig. 2. Galvanometer readings before and at 10, 20, 30 and 60sec after adding 0-5 ml. test 
solution to the firefly enzyme. C1, C2 perfusate collected during control period, Sl and S 2 
during stimulation and AS 1 and AS 2 immediately after stimulation. The last three deflexions 
were caused by adding 2, 4 and 10 pmoles ATP to the control perfusate (C2). 


stimulation, $1, and 17 pmoles for the second, 82. In every experiment there 
was a measurable amount of ATP in the venous effluent when the nerve was 
stimulated. The results are summarized in Table 1, in which column 2 shows 
the mean total ATP found per period of stimulation. The figures in column 3 
were obtained by dividing the total ATP on each occasion by the number of 
stimuli applied to the nerve and taking the means of these figures. From 
| columns 2 and 3 it can be seen that more ATP was found when the nerve 
contained post-ganglionic sympathetic fibres as well as sensory neurones. In 
fact, the difference between the means is highly significant (¢=2-°8, P<0-01). 
This might be taken as evidence that ATP is liberated by post-ganglionic 
sympathetic neurones as well as by sensory neurones, but it could be explained 
| by other factors. In particular, the tone of the vessels in the sympathectomized 
| preparation was much greater than in the normal (acutely denervated) 
preparation. This is a well-known phenomenon which would result in less ATP 
being detected in the outflow from sympathectomized preparations, since more 
4. ATP is lost during a slow perfusion than during a fast perfusion, as is shown 
32-2 
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in experiments described below. If, as a first approximation, one can assume 
a linear relationship between ATP recovered and rate of flow, a correction 


can be applied by dividing the ATP/volley by the rate of flow for each obser-" 


vation. When this is done, the mean figures show no significant difference 
(t=1-2, P>0-05) between ATP outputs of preparations with and without 
sympathetic neurones (Table 1, column 4). 


ATP 
No. of Mean total (pmoles/volley) 
obser- ATP Mean ATP flow rate 
Preparation Nerve fibres vations (pmoles) (pmoles/volley) (ml./min) 
stimulated 1 2 3 4 
pathectomized Sensory 12 11-3 0-004 0-076 
ormal Sensory and 15 25-7 0-013 0-124 
sympathetic 
Denervated Degenerated only 2 0 (<5) — —_ 
Tasix 2. Concentration of ATP (pmoles/ml.) in venous effluent after mechanical stimulation 
After tying and 
Control cutting nerve 
Normal 1 12 55 
Normal 2 15 60 
Normal 3 0 (<10) 8 
Denervated 0(< 4) 0 (<4) 


The effect of acute section of the great auricular nerve 

It is well known that cutting or pinching the great auricular nerve results in 
prolonged antidromic vasodilatation comparable with that caused by several 
thousand electrical stimuli. It was therefore of interest to see whether ATP 
was produced under these conditions. The results, which are shown in Table 2, 
indicate that it was. In the first two experiments the ear was perfused in the 
usual way and severed from the head leaving only the nerve intact. The 
perfusate contained some blood even after several hours and there was a 
considerable amount of ATP in it, probably due to haemolysed blood during 
the control period. The ATP was increased fourfold when the nerve was tied 
and cut. In the third experiment, the rabbit was killed by opening the chest 
in order to stop the circulation via the nerve and this resulted in control 
perfusate without detectable ATP or blood. However, on this occasion also 
tying and cutting the nerve increased the ATP in the outflow. The fourth 
experiment was carried out on the other ear from the rabbit used in the second 
experiment. In this ear, the nerve had degenerated and there was much less 
blood in the perfusate and no detectable ATP even after cutting the nerve. 


These results show that mechanical as well as electrical stimulation results in 
the liberation of ATP. 


The effect of denervation 
In these experiments the denervated ear was always compared with the 
normal ear from the same rabbit. The results in Table 1 show that stimulation 
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of a degenerated nerve does not produce any measurable ATP. Since the nerve 
would not conduct impulses this result is to be expected. More definite evi- 
dence that the liberation of ATP is dependent on conducting neurones was 
obtained when the electrodes were placed on the skin of the ear. Such stimu- 
lation would cause antidromic vasodilatation in the intact innervated rabbit’s 
ear but not in the denervated ear. In the perfused ears stimulating the skin 
resulted in ATP outflow from the normal but not from the denervated side. 


TasBLe 3. Concentration of ATP (pmoles/ml.) in perfusate from normal and from denervated 
ears in control periods (C), during stimulation (S) and after stimulation (AS) 


Normal Denervated 
Expt. Stimulation 8 AS 
1 Skin <2 12 <2 <2 <2 <2 
2 Skin <2 2 10 <2 <2 <2 
3 Skin <5 21 8 <4 <4 <4 
4 Nerve <2 10 10 <2 <2 <2 
5 Nerve <2 26 15 <2 <2 <2 


These results, together with those from experiments in which the nerve was 
stimulated directly, are shown in Table 3, in which the concentrations of ATP 
in the effluent during control periods (C), during stimulation (S) and after 
stimulation (AS) are given. Care was taken that in each experiment the same 
conditions of stimulation and perfusion flow rate applied to the normal and 
to the denervated eats. 


Haemoglobin in the perfusate and its relationship to ATP 

In the early experiments it was noticed that stimulation sometimes increased 
the volume of the sedimented erythrocytes which were centrifuged down from 
the perfusate before testing for ATP. Presumably this was due to the opening 
up of small blood vessels containing stagnant blood as a result of stimulation. 
Whatever the cause of the increase, it was necessary to find out whether the 
ATP found could be accounted for by an increase in the concentration of 
haemolysed erythrocytes in the supernatant after stimulation. It was found 
that the haemoglobin in the supernatant (which was used as an indicator of 
haemolysis) varied in both control and stimulated samples from less than 10-* 
to more than 10~* of that in whole blood. The ATP in samples of rabbit’s 
blood obtained by heart puncture was measured on several occasions and was 
found to vary little from the mean value of 1-0 zmole ATP/ml. blood. This 
value was therefore used to calculate the maximum amount of ATP expected 
from the haemolysis measured ; thus 10-* haemolysed blood would be expected 
to contain 10 pmole ATP/ml. if none had been broken down. These figures are 
shown in Table 4. However, the expected amount of ATP was not found in 


any of the control samples, as is shown in Table 4, suggesting that some break- 


down had occurred in the perfused tissues. This was not surprising, since the 
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ATP rapidly disappeared from dilute haemolysed blood on standing at room 
temperature. The stimulated samples (collected during and immediately after 
stimulation) often contained more ATP than could be accounted for by 
haemolysis, even if no break-down had occurred. This occurred in eight out of 
the twenty-four observations shown in Table 4. In these experiments it was 


Taste 4. Comparison of amounts of ATP found with amounts expected 
from haemoglobin measurements: ATP in pmoles/ml. 


Control samples Stimulated samples 
rs. Hb ATP found re Hb ATP found 
Expt. ATP found measured ATP expected ATP found measured ee 
es 2 3 4 5 
9 <8 30 0-27 24 30 0-8 
<8 30 0-27 24 10 2-4 
10 50 100 0-5 12 20 0-6 
<10 100 0-1 88 20 4-4 
<10 100 
<5 20 0-25 
ll <8 40 0-2 20 40 0-5 
<8 20. 0-4 60 20 3-0 
20 20 10 
12 <5 16 0-31 60 60 10 
13 <2 10 0-2 40 10 4-0 
40 2-0 
14 <2 5 0-4 18 10 1-8 
<2 10 0-2 16 10 1-6 
20 20 10 
20 16 
15 N 200 0-04 14 20 0-7 
<2 20 0-1 8 20 0-4 
<2 20 0-1 22 40 0-55 
<2 20 0-1 28 40 0-7 
<4 40 1 
16 4 20 0-2 16 20 0-8 
8 20 0-4 8 20 0-4 
8 10 0-8 
17 <1 2 0-5 5 2 2-5 
<li 2 0-5 
20 <2 20 0-1 <2 20 0-1 
b 32 200 0-16 20 20 10 
<10 100 0-1 20 20 1-0 
Mean 0-25 1-32 


certain that the ATP had come from some other source than erythrocytes. In 
other experiments the ATP found in stimulated samples was equal to or less 
than that expected from haemolysis measurements, but on almost every 
occasion stimulation increased the ratio of ATP found to ATP expected, com- 
pared with the control samples. This was so in spite of the fact that stimulation 
increased the concentration of haemolysed blood in many of the experiments. 
Table 4 contains the results of all the experiments in which the haemoglobin 
was measured. In columns 3 and 6 the ratio of ATP found to ATP expected 
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from haemoglobin measurements has been calculated. To obtain this ratio for 
oe t _ the control samples, in which no ATP was found, the value for the upper limit 

of ATP given by the sensitivity of the assay on each occasion has been used. 

The difference between the means of these ratios for control and stimulated 
samples is significant (t= 2-793, P<0-01). These results therefore show that 
the ATP which appears on stimulation cannot come from haemolysed erythro- 
cytes. The two exceptional results in which the ratio was not increased are 
in Expts. 16 and 20a of Table 4. Experiment 16 was unusual in that there was 
a little ATP in the control samples, as was mentioned above. In experiment 
20a the nerve had degenerated and the results of stimulation are not com- 
parable with the rest. They are therefore given in italics and have been 
excluded in calculating the value of ¢. The occasional high values obtained for 
( ATP in control samples of other experiments shown in Table 4 occurred in 
7? samples collected at the beginning of the perfusion when the outflow contained 
: a relatively high concentration of haemolysed blood. The ATP in these control 

samples may well have come from the haemolysed erythrocytes. 


Disappearance of injected AT P 

| The above results strongly suggest that ATP is broken down in the perfused 
+ tissues, and this was confirmed when ATP was injected into the arterial 
cannula and its recovery from the venous outflow measured. In these experi- 
ments 0-1 ml. ATP solution was injected rapidly and the perfusate was 
analysed until there was no detectable ATP. The results are shown in Table 5. 


| Tasie 5. Recovery of injected ATP from effluent ATP and 
break-down 
products 
ATP inj ATP recovered recovered 
Flow (ml/min) (nmoles) (%) (%) 
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In As might be expected, the proportion of ATP recovered varied with the rate 
Cian of perfusion from 0-5 to 16%. In two experiments the optical density of the 
perfusate at 260 my was measured to see whether the break-down products of 
ATP which, like ATP itself, absorb in this region, could be recovered. It was 
an - found that about half of the total ATP could be accounted for in this way. This 
si was made up of ATP 8% (mean of both experiments) and break-down pro- 
ts ducts 46%. The remaining 46%, was not found and.was presumably taken up 
ted | by the tissues. 
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DISCUSSION 


The experiments described in this paper show that antidromic stimulation of 
sensory nerve fibres in the skin of the rabbit’s ear results in the liberation of 
ATP. It is useful to consider the source of this ATP and its possible functions. 

When these experiments were started it seemed possible that the ATP came 
from haemolysed erythrocytes, since stimulation of the nerve often caused an 
increase in the amount of haemoglobin in the perfusate. However, it became 
clear that the appearance of ATP in the perfusate could not be so simply 
explained, since in some experiments there was insufficient haemolysed blood 
to account for the ATP found and in the other experiments the amount of ATP 
was not related to the degree of haemolysis. The ATP must therefore come from 
some other source, which is likely to be intracellular. When degenerated nerve 
was stimulated no ATP was found and when the skin was stimulated, as if to 
produce an axon reflex, ATP was liberated when the nerve had been acutely 
divided but not after it had degenerated. It thus seems probable that the 
source is the nerve itself, since the appearance of ATP depends upon stimu- 
lating nerve fibres capable of conducting impulses. 

There is evidence that ATP has at least two functions in nervous tissue. It is 
probably concerned with supplying the chemical energy for the maintenance 
of normal membrane permeability (Caldwell & Keynes, 1957). It is conceiv- 
able that it might become more mobile during activity and leak out during 
the permeability changes in the nerve membrane. This seems rather unlikely 
on general grounds, but thé possibility must be examined directly before this 
explanation can be excluded. A second function for ATP in nerve is suggested 
by the recent work of Schiimann (1958) who has shown that ATP appears to 
bind noradrenaline in sympathetic nerves, and by the studies of Blaschko and 
his co-workers (Blaschko, Born, D’Iorio & Eade, 1956), who have found that 
ATP is closely associated with particle-bound sympathetic amines in the 
adrenal medulla. It seems likely that when noradrenaline is liberated from 
sympathetic nerve endings ATP may also be liberated into the tissue spaces. 
It is not yet known whether ATP is liberated when adrenergic nerves are 
stimulated, but it may be that it appears when sensory nerves are stimulated 
because it was previously bound to another transmitter substance in the 
nerve. At present this seems the most probable working hypothesis. If it 
were true, it would imply that ATP was not a transmitter substance analogous 
to acetylcholine, as was suggested in a previous discussion of this problem 
(Holton & Holton, 1954). Nevertheless, earlier work (Holton & Holton, 1953) 
showed that if ATP were liberated into the tissue spaces, it would be likely to 
produce physiological effects, such as vasodilatation. The results described in 


this paper strengthen the hypothesis that ATP is the substance responsible for 
antidromic vasodilatation. 
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However, it remains to be explained why there should be such a great 
discrepancy between the amounts of ATP which must be injected to match 
the vasodilator effect of stimulation (20 nmole/volley, Holton & Holton, 1954) 
and the maximum amount of ATP recovered from the perfusate after stimu- 
lation (0-2 pmole/volley). This discrepancy of 10° may be compared with that 
of 100 found for acetylcholine by Brown, Dale & Feldberg (1936). They 
collected 0-02 ug per volley but needed to inject 2 ug to imitate a twitch, 
although the enzymic break-down of acetylcholine had been prevented by 
eserine. Brown et al, explained the discrepancy as due to the inevitable losses 
via alternative pathways both into and out of the muscle and also to the fact 
that the nerve endings are in intimate contact with the responding tissue. 
Their arguments apply with greater cogency to my experiments on the rabbit’s 
ear, where losses are likely to be larger for two reasons. The first is that no 
attempt was made to inject very close to the vessels under inspection and the 
second is that there is no convenient way of protecting ATP against enzymic 
break-down as eserine protects acetylcholine. Even in a saline medium, at 
room temperature, up to 99-5°% of the ATP injected into the artery of the ear 
was not recovered from the vein. In the experiments in which the vasodilator 
effect of injected ATP was compared with that due to antidromic stimulation 
there were two factors which would be likely to increase the break-down of 
ATP above this, namely, the higher temperature, and the presence of blood 
in the vessels. In the perfusion experiments in which ATP was collected after 
stimulation it must have passed through at least one layer of cells, which 
would contain adenosine triphosphatase, before reaching the lumen of the 
blood vessels. These factors together could account for the large discrepancy 
between the amount of ATP injected and that collected. 


SUMMARY 


1. The firefly luminescence method was used to identify ATP in the 
effluent from rabbits’ ears perfused with Locke’s solution containing 6% 
dextran. 

2. During control periods there was no detectable ATP in the effluent, but 
during and immediately after antidromic stimulation of the great auricular 
nerve or stimulation of the skin ATP was liberated. 

3. The ATP could not be accounted for by the increase in haemolysed 
erythrocytes in the perfusion fluid which sometimes occurred on stimulation. 

4. ATP was found when the preparation had been previously sympa- 
thectomized and the nerve contained sensory neurones only, but not after the 
nerve had degenerated. 

5. When ATP was injected into the arterial cannula only a small proportion 
could be recovered from the venous effluent, suggesting that it had been 
metabolized. 
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Araki & Otani (1955) have recorded the time course of the potential change 
developed across the membrane of toad motoneurones when a rectangular 
current pulse was applied through an intracellular micro-electrode. A bridge 
circuit was used to balance out the complicating potential changes produced 
in the micro-electrode and other structures in series with the motoneurone 
membrane. In this way it was possible to derive values for the resistance and 
electric time constant of this membrane. Frank & Fuortes (1956) found that 
on account of electrode polarization this method was unreliable with the 
micro-electrodes which they inserted into cat motoneurones. Consequently 
they adopted more indirect methods, which will be discussed later in this 
paper in relation to values for these motoneurones that have been obtained 
by methods similar to those of Araki & Otani and also by the double-barrel 
micro-electrodes developed by Coombs, Eccles & Fatt (1955). Furthermore, in 
interpreting the results an attempt has been made to allow for the distortion 
introduced by the complex morphology of the motoneurone (cf. Rall, 1957). 
Finally, the measurements of the electrical constants of cat motoneurones will 
be considered in relationship to measurements made with three investigations 
on other types of nerve cells. Ito (1957) investigated toad spinal ganglion cells 
by a method developed from that of Araki & Otani (1955). Tauc (1955, 1956, 
1957) and Fessard & Tauc (1956) succeeded in inserting two independent 
micro-electrodes into the giant ganglion cells of Aplysia depilans or punctata 
and Helix pomatia, and thus were able to apply currents through one electrode 
and with the other to measure potentials that were virtually uncomplicated 
by coupling between the electrodes. Similar investigations have recently been 
reported on cardiac ganglion cells of lobster (Panulirus interruptus) by Otani 
& Bullock (1957) and on the supramedullary neurones of the puffer fish 
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(Spheroides vermicularis) by Hagiwara & Saito (1957). A preliminary account 
of part of the present investigation has been published (Coombs, Curtis & 
Kecles, 1956). 
METHODS 
All experiments were performed on motoneurones of the lower lumbar segments of the cat’s 
spinal cord. Light pentobarbital anaesthesia was used and the cord was transected in the lower 
thoracic region. The techniques of dissection and micromanipulation have been described in earlier 
publications (Eccles, Fatt, Landgren & Winsbury, 1954). 
Micro-electrodes 

Both single- and double-barrelled electrodes were used (Coombs et al. 1955) and were filled with 
either 3m-KCl or 0-6m-K,SO, solutions. After filling, the resistances of the electrodes were deter- 
mined with their tips immersed in NaCl solution 0-9% (w/v) and only those with resistances of 
5-15 MQ were used in the experiments. The difficulties associated with the use of double-barrelled 
micro-electrodes have been described (Coombs ef al. 1955). In particular, the passage of the 
electrode through the tissues of the spinal cord produces fluctuations in the resistive coupling 
between the barrels and hence uncontrollable artifacts when current through one barrel is used to 
alter the membrane potential of an impaled cell. Electrodes having values of 50-200 kQ for this 
coupling resistance were selected. The coupling resistance tended to be lower when double 
electrodes were fashioned by fusing two glass tubes side by side before pulling than when they 
were made by the method of inserting a septum into a tube (Coombs ef al. 1955). Micro-electrodes 
often suffered large permanent increases in resistance during the passage through spinal tissue, 
an effect which was particularly frequent with electrodes filled with K,SO, solution. To some 
extent this difficulty was overcome by filling the electrodes with concentrated electrolyte solutions 
containing 1% agar (Difco). It is possible that this semi-solid medium prevented the mechanical 
blocking of the orifice of the electrode by poorly conducting material, particularly myelin. 

Connexion of the micro-electrode with the electrical equipment was made through an Ag-AgCl 
junction. The indifferent lead from the cat (earth plate) was made also through an Ag—AgCl 
junction and a saline-soaked cotton gauze pad which made a low-resistance contact with the 
lumbar muscles. 


CRT1 


CRT2 


% 


Fig. 1. Block diagram of the electrical and display equipment. Amplifiers A to E are either 
direct-coupled (DC) or capacitively-coupled (CC). For further details see text. 


Fig. 1 is a block diagram of the electrical and display equipment used. The micro-electrode was 
attached to a small probe unit containing a cathode follower input stage (CF 1) which was itself 
rightly fixed to the micromanipulator. This input stage was connected to three amplifiers. Two 
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direct-coupled units of fixed low gain (AMP. C, AMP. D) recorded the membrane resting potential, 
AMP. C giving a meter reading and AMP. D feeding the upper beam of one cathode ray tube 
(CRT 2). This latter beam would, of course, also record transient changes in membrane potential, 
e.g. action potentials. The third amplifier had a differential input and controlled the upper beam 
of another cathode ray tube (CRT 1) by means of a capacitively-coupled unit (AMP. A) having a 
greater range of amplification. The time constant of this unit was adjustable, but a value of at 
least 200 msec was always used when recording spikes and post-synaptic potentials which would 
thereby suffer only a negligible distortion. Potential changes, led from the dorsel surface of the 
spinal cord by platinum electrodes, were also amplified by another capacitivel led amplifier 
(AMP. B) and recorded on the lower beam of CRT 1. Doo upneheonied’ Crees -Kyunenegh 
cameras were used to photograph the CRT’s, and AMP. C was usually also connected to an 
Esterline-Angus recording voltmeter. 


Electrical properties of the motoneurone membrane 33 

Since the surface membranes of giant axons and of muscle fibres have been shown to approximate 
to a simple electrical system composed of resistance and capacity elements in parallel (Katz, 1948; 
Hodgkin, 1951), it is likely that the surface membranes of the soma, dendrites and initial segment 
of the motoneurone would exhibit comparable properties. Consequently, the most direct method of 
measuring the values of the capacity and resistance of such a system would be to record with a 
micro-electrode the time course and size of the potential generated by the passage of a rectangular 
current pulse across the membrane (cf. Araki & Otani 1955; Ito, 1957). Because of inherent 
technical difficulties a fraction of this current must also pass through the recording electrode, be it 
single- or double-barrelled. Since the neuronal membrane has a resistance of less than 10 % of the 
electrode resistance, the total observed potential change with a single electrode will be dominated 
by the electrical properties of the electrode. Further, in order to determine the time constant of the 
membrane, it is essential to be able to record the potential changes that occur across the membrane 
as soon as possible after the onset of the current pulse. Both with single and double electrodes 
considerable voltages have to be applied in order to obtain the necessary currents. In the case of 
the single electrode this voltage is applied directly to the input grid of CF 1, while with the double 
electrode a large artifact will appear in the recording barrel, due to the capacitive coupling between 
barrels (cf. Coombs e¢ al. 1955). 

Consequently, if it be assumed that the electrode properties are not altered during the passage 
of current, both the steady potential due to current flow through the electrode itself and the 
potential due to application of a current pulse either directly or indirectly to the grid of CF 1 
could be balanced out by a bridge circuit (cf. Araki & Otani, 1955; Ito, 1957). A network was 
designed to reproduce potentials that could exactly balance the fraction at the output of CF 1, 
which were due to current flow through the micro-electrode alone. 

The current-generating equipment on the left side of Fig. 1 was ‘locked’ to the sweep through a 
square-wave generator driving a Carpenter high-speed relay (Type 3 GI). The polarizing unit 
(POL) isolated from earth, provided voltages of 0-45 V of either polarity and was connected via 
a length of shielded cable to the micro-electrode by a resistance of 100 or 500 MQ. This enabled 
current to be passed into the motoneurone through either a single electrode or one side of a double 
electrode and at the same time ensured that there was-minimal distortion in the recording of 
potential changes arising from responses of the cell. The current flowing in this circuit was 
measured as the potential drop across a resistance of 1 MQ to earth. After amplification by 
AMP. E-DC, it was displayed on the lower beam of CRT 2. The appropriate bridge network was 
linked to the polarizing unit through a cathode follower (CF 2) so that the current measured by 
AMP. E was predominantly that flowing in the micro-electrode circuit. The network was then 
connected through another cathode follower input stage (CF 3) to the other side of the differential 
amplifier. In more recent experiments, rectangular pulses of current have been applied by means 
of a series of radio-frequency isolation units (Grass STU 4). In this fashion polarizing units pro- 
viding rectangular voltage pulses need not be isolated from earth and it was possible to use briefer 
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pulses than those obtained by means of a relay. A further modification was made in the method 
of recording the current passing through the electrode. The voltage developed across a resistance 
of 10 MQ, connected between the electrode and the 100 or 500 MQ resistance in the current- 
carrying line, has been measured by means of a DC amplifier having a differential input. 

The equivalent circuit for a single electrode and a motoneurone is represented in Fig. 2A. The 
effective input capacity of CF 1, with an attached micro-electrode penetrating 3 mm into the 
spinal cord, is 5-10 x 10-* F. It is obviously impracticable to make a network using these values 
of capacity, but as it was essential to reproduce potentials at CF 3 with the same intensity and 
time course as those at CF 1, the network was made with capacities one hundred times greater 
than those of the micro-electrode system and resistances one hundredth of the corresponding 
values. All components of the network were made readily adjustable in order to match capacities 


Micro-electrode; 
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Fig. 2A. Circuit showing the network used for producing compensating artifacts when recording 
with a single micro-electrode. 

Fig. 2B. Circuit showing the network used for producing compensating artifacts when recording 
with double micro-electrodes. 


and resistances that had considerable variation. A comparable circuit was used for double micro- 

electrodes (Fig. 2B). The capacitive coupling of about 20 x 10-"* F between the current passing 
and the recording barrel makes it impossible without compensation to follow potential changes 
over the first 2-3 msec after the onset of a pulse (Coombs ef al. 1955), but with the circuit of 
Fig. 2B this artifact could be balanced out. With the micro-electrode tip in an extracellular posi- 

tion, under ideal circumstances it would be possible to adjust R, and C, in Fig. 2.A and R,, R,, 

R,, C,, C, and C, in Fig. 2B until an applied current pulse produced no voltage change at the out- 
put of the differential amplifier. Then, when a neurone was impaled, all the potential change during 
an applied current pulse would be due to the passage of the pulse through its membrane. However, 
when the electrode was in an extracellular position or even with its tip in 0-9% NaCl solution, it 
frequently did not behave as a simple resistance. This was particularly obvious with currents greater 
than 30 x 10-* A and with electrodes having resistances in excess of 20 MQ. The usual finding was 
that resistance increased as the current increased. Furthermore, with the single electrode, reversal 
of the current pulses sometimes did not produce a mirror-image change in the recorded potential, 
as reported by Araki & Otani (1955). This distortion was usually negligible with double electrodes, 
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presumably because the recording barrel and the current-passing barrel are virtually independent, 
sharing only the relatively low coupling resistance. It appears therefore that the micro-electrodes 
change their electrical propefties during the passage of current (cf. Jenerick & Gerard, 1953; 
Frank & Fuortes, 1956). Such an effect could be expected to arise hecause of both the ionic 
migration caused by the current and the interaction of ions with the glass surface at the most 
constricted part of the micro-electrode (del Castillo & Katz, 1955; Weidmann, 1955; Adrian, 1956). 
Consequently, on account of the non-linear behaviour of the electrodes and also because the 
resistance of an electrode fluctuates considerably as it passes through the spinal cord, especially 
when the tip is advancing, the best approximation that usually could be made was to record the 
potentials produced by currents applied in both directions intracellularly, with approximate 
conditions for balance of the electrode by the network, and then to repeat the observations 
immediately after withdrawal of the electrode from the motoneurone. The differences between the 
two series of potential curves were assumed to be due to potentials across the motoneuronal 
membrane. In practice the rising phase of the current was distorted by the capacity C 2 (Fig. 1) 
of the current-passing line. However, the time constant of the rise of the pulse was rarely greater 
than 100 ysec, which is small when compared with the membrane time constant. In Fig. 1 the 
variable capacitor C 1 was used in compensating for the capacitance C 2 between the current- 
passing line and earth. The current pulse through the electrode being rectangular, C1 was 
adjusted until the potential recorded across the resistance of 1 MQ. was not only rectangular, but 
equivalent in size to that recorded when an equivalent constant current was flowing. 

For double electrodes the ancillary equipment was considerably more complex than that for a 
single one. The addition of a switch allowed either barrel to be used for recording or for passing 
current. Consequently, the capacitor C 6 (Fig. 2B) was used to compensate for the extra capaci- 
tance to ground on the current-passing side of the electrode. This value was rarely greater than 
5x 10-" F and C 6 was often omitted. 

These circuits were tested using an artificial network to replace the micro-electrode and the cell. 
Provided compensation was reasonable with circuits equivalent to an extracellular position of the 
micro-electrode tip, the potentials recorded when a ‘cell’ was added had the time courses and 
magnitudes that would be expected from the electrical properties of the circuit representing the 
cell. 


RESULTS 
Resistance of motoneuronal membrane 

Measurement of membrane resistance. The most direct method of determining 
the membrane resistance of motoneurones is to measure the potentials pro- 
duced by the passage of known currents across the membrane, as was first done 
by Coombs et al. (1955), employing for this purpose a double micro-electrode, 
one barrel for current and the other for potential measurement. In this earlier 
work the current was usually allowed to flow for several seconds before the 
potential measurements were made, but briefer current pulses gave approxi- 
mately the same results. 

Essentially the same method has been ar in the present investiga- 
tion, but compensation for potentials produced by extraneous factors of 
capacity and resistance has allowed an accurate record to be made of the time 
course of the potential change across the motoneuronal membrane. For 
example, in Fig. 3 the difference between the potential curves obtained inside 
and outside the motoneurone for a given rectangular current pulse gives 
the potential change across the soma membrane of the motoneurone. The 
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extracellular records of L and M show that, except for the brief transients, the 
adjustment of the compensatory circuit had virtually eliminated all potential 
changes apart from those due to the motoneurone membrane. Furthermore, 
the intracellular potential changes produced by depolarizing (J) and hyper- 
polarizing (K) currents were almost mirror images. 

The final plateau potential was directly proportional to the current intensity, 
as is shown by the straight line through the dots of Fig. 4. Actually the 
plotted potentials in Fig. 4 are corrected for the small extracellular plateau 
potentials of L and M, and are shown relative to the resting membrane potential 
of —69 mV at zero current. This linear relationship of potential to current 
has been regularly observed, there being usually no appreciable rectification 


= 


Fig. 3. Intracellular recording (double-barrel K,SO, micro-electrode) from a lateral gastro- 
cnemius motoneurone (resting membrane potential, - 69 mV) showing EPSP’s produced by 
Group Ia volleys from lateral (A~D) and medial gastrocnemius nerves (Z-H). In addition, 
the spike potentials of the afferent volleys, as recorded by an electrode on the appropriate 
dorsal root, show that the Group Ia volleys were submaximal in C—F. All records are formed 
by the superposition of about 40 faint traces. J and K show intracellular potential 
for depolarizing and hyperpolarizing pulses with strengths indicated in units of 10-* A, the 
artifacts being largely balanced out by the compensatory circuit of Fig. 2B. Land M show 
just-extracellular potential changes for these same current pulses and the same setting of the 
compensatory circuit. Note separate potential scales for the synaptic potentials and the 
pulse responses. Time scales are shown throughout in milliseconds. 
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due to a lower resistance to hyperpolarizing currents, as previously reported 
(Coombs et al. 1955). The slope of Fig. 4 corresponds to a membrane resistance 
of 1:0MQ. Resistances measured in this way from the directly determined 
current: voltage relationship for some motoneurones are shown in column 5 
of Table 1. Altogether, reliable measurements have been obtained for twenty- 
seven motoneurones in good conditions, the range being 0-6-2-5 MQ with a 
mean value of 1-2 MQ. 
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107 A 
Fig. 4. For each strength of polarizing current the final membrane potential is determined by 
subtracting the extracellular from the intracellular records for the series partly illustrated 
in Fig. 3 J-M. The dots show that the points so obtained lie on a straight line with a slope 
corresponding to 1-0 MQ. With thé open circles the membrane potential has been determined 
on the assumption that the membrane potential at the spike summit is unaltered by the 
polarizing current (see text). 


Many micro-electrodes were defective in passing currents, exhibiting both 
a rectification and a progressively increasing resistance with the continued 
passage of currents (cf. Frank & Fuortes, 1956). These defects are attributable 
to electrode polarization (cf. Adrian, 1956) and are readily recognized with the 
micro-electrode in an extracellular position. Intracellular observations with such 


: sy: have been rejected. As would be expected, electrode polarization 
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has been much more troublesome when a single micro-electrode has been 
employed both for the current and for potential measurement, and almost 
all the resistances have been measured with double electrodes (cf. Table 1). 


Tas Ee 1. Measurements of resistance of motoneuronal membrane 


Spike method 

. Membrane 

Electrode Cell potential Direct Threshold Anti- Ortho- 

Experiment type type (mV) method method dromic dromic 
1 2 3 4 5 6 7 8 

18/1/56 Pl 66 1-0 _ 

16/2/56 Gs - 60 2:5 

28/2/56 f ? — 65 2-0 

20/6/56 BST 55 13 

25/6/56 Gs 68 10 

25/6/56 BST 60 1-2 

20 56 - . 

1/2/57 BST 56 10 — 
1/2/57 BST 1-2 nat 
1/2/57 Gs — 64 0-6 
1/2/57 Gs ~63 0-7 0-7 0-2 - 
1/2/57 BST 56 10 10 0-6 
5/2/57 8 KC BST — 60 18 
5/2/57 MG - 63 1-6 

5 - om 
5/2/57 DK,S0, MG ~50 1-2 
28/4/57 BST — 66 —- 0-95 0-93 0-95 
/5/58 -72 0-6 0-62 
11/6/58 SKC ? —74 1-4 1-1 _ 
Means 64 1-15 
In this and subsequent tables the cell species are as follows: 
BST =biceps semitendinosus; GS =gastro ius-soleus; FDL=flexor digitorum longus; 
P| = plantaris; MG = medial gastrocnemius; LG = lateral gastrocnemius; SM imemt 


S =soleus; Per = peroneal. S=single, D=double. 


As a consequence of these polarization difficulties with single micro-electrodes, 
Frank & Fuortes (1956) introduced two more indirect methods of measuring 
the change of membrane potential produced by current. However, it should 
be noted that Araki & Otani (1955) and Ito (1957) measured membrane 
resistances to current flowing through a single micro-electrode, employing 
compensatory circuit to balance out potentials arising in the electrode. 
Apparently they were not seriously troubled by electrode polarization. 

The first method depends on the assumption that there is the same threshold 
level of depolarization for initiating a spike, regardless of the proportion con- 
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tributed by current directly applied or by excitatory synapses (cf. Frank & 
Fuortes, 1956; Coombs, Curtis & Eccles, 1957). Thus the depolarization 
produced by any applied current can be measured simply by subtracting the 
threshold level for superimposed EPSP from the threshold level for the EPSP 
in the absence of current. When the depolarizations are calculated in this way 
for different strengths of applied currents, there is found to be an approximate 
proportionality between potential and current, the proportionality constant 
giving a measure of the membrane resistance. Records obtained in this type 
of experimental procedure have already been published (Frank & Fuortes, 
1956, Fig. 2; Coombs e¢ al. 1957, Figs. 6, 11), and the membrane resistances so 
measured in the present investigation are shown in Table 1, column 6. 

The second indirect method of measuring membrane resistance (Frank & 
Fuortes, 1956) depends on the assumption that the passage of relatively small 
currents across the motoneuronal membrane does not alter appreciably the 
membrane potential at the spike summit. This assumption is based on an 
analogy with the spikes in squid giant axons, frog muscle fibres, and the 
supramedullary neurones of the puffer fish, where the membrane resistance 
at the peak of the spike is less than 5% of the resting value (Hodgkin & 
Huxley, 1952; Fatt & Katz, 1951; Hagiwara & Saito, 1957), and where the 
ionic mechanism generating the spike is little, if at all, affected by the flow of 
current across the membrane. Thus, as a first approximation, the changes 
produced in spike heights by the passage of hyperpolarizing and depolarizing 
currents across the membrane may be used as a measure of the changes pro- 
duced in the resting membrane potential, and hence for determining the resting 
membrane resistance. For example, the open circles of Fig. 4 were derived 
in this manner for the motoneurone illustrated in Fig. 3. The virtual identity of 
the slopes of the straight lines through the dots and open circles in Fig. 4 shows 
that the indirect and direct methods give the same value for the membrane 
resistance. However, in some motoneurones (cf. Table 1, column 7), there was a 
considerable discrepancy between the direct and the second indirect method. 


A defect in this indirect method arises on account of the alteration of the delay between the two 
components (IS and SD) of the spike potential (cf. Coombs e¢ al. 1955, Fig. 7; Coombs e¢ al. 1957, 
Figs. 10, 11). With antidromic spike potentials, in particular, a depolarizing current shortens the 
IS-SD delay, but a hyperpolarizing current lengthens it. Thus with depolarizing currents there 
is a closer approximation to synchronism and hence the spike potential would be less diminished 
than would be expected from the change actually produced in the membrane potential. Con- 


versely, with hyperpolarizing currents the increasing asynchronism would cause the spike 


potential to be increased by less than the change produced in the membrane potential. This 
change in asynchronism is much less with spikes generated by synaptic stimulation (cf. Frank & 


Fuortes, 1956, Fig. 2; Coombe et al. 1957, Figs. 10, 11), which therefore is the method of choice, 


but only two neurones have been measured in this way (Table 1, column 8). It will be appreciated 
that this effect of changing IS—SD delay will cause the membrane resistance to be underestimated. 
Furthermore, there should be a small addition to these indirect measurements (about 5%) in 
order to allow for the small resistance that the membrane still has at the spike summit. 

33-2 
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The interpretation of resistance measurements. All the above methods of 
measuring the membrane resistance of motoneurones have been based on the 
potential changes that are produced when currents are passed into them by 
means of an intracellular micro-electrode. Unfortunately, the motoneurone 
has not a simple geometrical configuration, so ific resistance of the moto- 
neuronal membrane can be calculated only after the distribution of current 
flow has been derived from an assumed standard structure of the motoneurone. 
The values given by Coombs et al. (1955) were, in fact, derived in this way, but 
more detail will now be given, because an alternative derivation has been 
proposed (Rall, 1957). According to Balthasar (1952) the motoneurones in the 
cat lumbar enlargement have on the average about 6 dendrites. From 
Balthasar’s account and from our own unpublished observations the standard 
motoneurone may be regarded, in the first approximation, as being a sphere 
70 in diameter from which arise seven processes (six dendrites and one axon). 
The dendrites usually have a conical origin, but soon become fairly uniform 
cylinders about 5 in diameter that branch relatively infrequently until they 
are several hundred microns from the parent cell. For present purposes the 
dendrites may be regarded as indefinitely extended cylinders, because it will 


emerge from the calculations that this terminal branching is at least one to two 


length constants removed from the soma, and hence would be relatively little 
influenced by currents applied within the soma by a micro-electrode. 

If a current is applied to the interior of one end of an indefinitely extended 
uniform cylinder surrounded by a membrane having a resistance of rm x unit 
length and immersed in a volume conductor, the effective resistance of the 
cylinder is (r,,7,)*, where 1, is the resistance of unit length of the core (Hodgkin 
& Rushton, 1946; Fatt & Katz, 1951). Assuming the cylinder diameter to 
be 5 and the specific resistivity of the core to be 75 Q.cm, which corresponds 
approximately to its ionic composition, r,=3-8 x 10°Q/cm, and r,, = 6-4 x 10? 


_ R,,Q.cm, where R,, is the specific resistivity of the surface membrane. Thus 


the resistance of one dendrite as measured by the application of current to the 
soma (as in the experiments) would be 4-9 Rt, x 10°Q, and for seven such 
processes (assuming the axon to be equivalent to a dendrite) the resistance, 
Ry would be 7 Ri, x 10*Q. If the surface membrane of the soma (a sphere 
70m in diameter) be assumed to have the same specific resistivity, Rm, its 
resistance, R,, as measured by the intrasomatic application of a current 


_ would be simply 6-5 R,, x 10° Q, since all parts of the approximately spherical 


soma membrane would be passing the current uniformly (Rall, 1955). In the 
experimental situation the soma and dendrites are resistances in parallel, 
hence, if the total measured resistance is Rzp, 


1/Rgp =1/Rs+1/Rp, 
where R,, x 10°Q and Rp =7 Rt, x 10*Q. 
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Values of R,, may thus be simply calculated from this quadratic equation 
for various values of Rzy and hence the corresponding values for R, and Rp 
may be obtained. Table 2 gives these values for four measurements of Rgp, 
which cover almost the whole range of the experimental determinations, the 
one at 1-2 MQ representing the mean value (cf. Table 2, column 5). 


Measurement of the electric time constant by the effects 
produced by a rectangular current 


Membrane potential change. In addition to giving the final levels of the | 


potential changes produced by various currents, Fig. 3 allows the time courses 
to be determined by subtracting the extracellular from the corresponding 
intracellular records (Z from J and M from K). The potential curves so 
derived deviate from the exponential form expected for the conventional 


6x10° A 


Fig. 5. The time course of the membrane potential change produced by current pulses in Fig. 3 
has been determined by subtracting the extracellular from the corresponding intracellular 
curve and averaging the depolarizing and hyperpolarizing potentials (neglecting the opposite 
sign) at each of the three current strengths shown. The arrows mark the succesive half- 
times of the curves beginning at 2 msec after the start of the pulses, by which time the initial 
artifacts will be negligible. 

equivalent circuit for the membrane, i.e. for a resistance and capacitance in 

parallel. As is shown in Fig. 5 there is a progressive lengthening of the 

successive half-times in the curves derived from the experimental records 

illustrated in Fig. 3. 

The decay of the membrane potential on cessation of the rectangular pulse 
of current followed an identical time course. However, when the pulses were 


‘ 


7 


f 4 
; 
8x10° A 
0 
2 ? 
4 
> 
10x10? A 
6 
8 
10 
01234567 8 9 1011121314 
msec 


516 J. 8. COOMBS, D. R. CURTIS AND J.C. ECCLES 


10 mV 


D 16 
TTT TTT 


D F 4mV 
TTT 


= 


J K L 


Fig. 6. A, D, G, J show records from a gastrocnemius motoneurone with a resting membrane 


potential of —- 70 mV, the current strengths being indicated in unite of 10-* A. In B, #2, H, K 
the current pulses were only 1-5 msec in duration, the respective strengths being 47, 51, 55 
and 61 x 10-* A, in the depolarizing and hyperpolarizing directions respectively. C, F, I and 
L are extracellular records with the same setting of the compensatory circuit, the respective 
pulse strengths being indicated in units of 10-* A. 


Fig. 7. Intracellular records with a double K,SO, electrode from a biceps-semitendinosus moto- 


neurone, the resting membrane potential being - 50 mV. Current pulses in the depolarizing 
(A-D) and hyperpolarizing directions (f—H) were applied as in Fig. 3J, K, the current 
strength being indicated in units of 10-* A. All records are formed by the superposition of 
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brief as in Fig. 6B, #, H, K, the initial phase of decay was much faster. When 
half-times were measured from 1 msec after cessation of current, values as 
brief as 1-3 msec were obtained, in contrast to 1-6 msec for the equivalent 
half-times following the onset of the long current pulse in A, D, G, J. The 
pxplanation of this discrepancy will appear when considering the distribution 
of current flow in the soma and dendrites of the motoneurone. 

‘ In some motoneurones local responses caused hump-like additions to the 
potential changes produced by depolarizing currents. These humps are obvious 
in Fig. 7D, but presumably are also responsible for causing the depolarizing 
responses in B and C to run a faster time course than the corresponding 
hyperpolarizing responses (¥ and @). Local responses as prominent as those 
of Fig. 7 are usually exhibited only by deteriorated motoneurones, and are 
also a feature of chromatolysed motoneurones (Eccles, Libet & Young, 1958). 
Nevertheless, with very weak currents there is approximate symmetry 
between depolarizing and hyperpolarizing responses, as in Fig. 7A, EZ, so 
reliable values may still be obtained for the time courses of the passive 
membrane changes. 

Rall (1957) has provided a theoretical treatment in which the time course 
of the potential recorded within the soma is considered in relation both to the 
distribution of current between the dendrites and soma and to the membrane 
time constant, which is assumed to be the same for dendrites and soma. On 
the basis of the very high value of 2000Q.cm? which he assumes for the specific 
membrane resistance, he calculates that, at the steady state, about 5 times as 
much current passes through the dendritic membrane as through the soma 


membrane. Given the same anatomical structure and the mean resistance 


of 1-2MQ as measured by an electrode in the soma (Table 1, column 4), a much 
lower value can be calculated for the specific membrane resistance (about 
600 Q.cm* in Table 2) and the dendritic current is then only 2-3 times the 
soma current (Table 2). Consequently, the observed time course for soma 
membrane potential would be considerably less distorted than in the condition 
calculated by Rall. 

Figure 8 shows the curves calculated by Rall for the approach to a steady 
membrane potential when a constant current is applied through an intraso- 
matic electrode at zero time. The lower and upper broken lines give respec- 
tively the time course for a soma without dendrites and for dendrites without 
soma. The former curve is, of course, a strictly exponential curve approaching to 
(1 —1/e) of its final value in a time equal to the time constant of the membrane. 
The dotted line gives the time course of potential change for the conditions 
assumed by Rall with a ratio of 5:1 for dendrite:soma current flow at the 
steady state. The continuous line gives approximately the time course 
of potential change when that ratio is 2°3:1, which is derived in Table 2 for 
the assumed standard configuration of the motoneurone and for the mean 
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intrasomatic resistance, 1-2 MQ. Rall suggested that the membrane time con- 
stant could be derived from the soma—dendrite curve (the dotted line of Fig. 8) 
by observing the time for attainment of 82%, of the final value, which would 
be about 76% when a ratio of 2:3 was substituted for 5. Unfortunately, this 
method could not be applied because, in spite of the bridge network used to 
compensate for the properties of the electrode, it was impossible in most cases 
to study the first one or two milliseconds of the potential changes generated 
by current pulses. It was necessary, therefore, to employ an alternative 


1 2 

Fig. 8. Diagram, modified from Rall (1957), to show the calculated time courses of potential 

changes produced by the application of a constant applied current to various relationships of 

the dendrites and soma of a motoneurone. The time scale is measured relative to the membrane 

time constant, +r, which is assumed to be uniform over the soma and dendrites. The lower 

broken line is for soma without dendrites, the upper for dendrites without soma, and the two 

intermediate curves are for various combinations of soma and dendrites. The dotted line is 

the curve calculated by Rall on the basis of a steady dendrite current five times the soma 

current. The continuous line represents approximately the curve if, as is here assumed, the 

ratio of dendritic to soma current is only 2-3. The arrows show the successive half-times, 
commencing at t =0-6r. 


3 


TaRLE 2. Calculations relating to soma and dendrite resistance for a 
standard motoneurone with six dendrites 


Measured Length 
resistance Calculated constant 
by intra- specific Calculated Calculated Effective of 
somatic membrane soma dendrite surface area dendrite, 
electrode, resistance, resistance, resistance, Ratio, of motoneurone (r,,/r;)* 
0-5 172 1-06 0-92 1-15 3-4 x 10-* 170 


10 470 3-05 1-50 2-03 47x10-* 280 
1-2 615 4-0 1-74 2-30 5-1x10-* 322 
2-0 1390 9-0 2-6 3-45 6-9 x 10-* ‘485 
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procedure in which the two successive half-times were measured after this initial 
distorted phase. For example, such measurements would be made for the 
continuous curve of Fig. 8 between the three arrows, and in Fig. 5 the arrows 
are likewise shown for experimental curves. The half-time for the soma curve - 
of Fig. 8 (the lower broken line) is found to be 1-2 times the mean half-time 
thus derived from the assumed soma-dendrite curve. Thus the approximate 
membrane time constant for the motoneuronal membrane has been derived 
from curves such as those illustrated in Fig. 5 by finding the mean half-time 
and then multiplying by 1-2 x 1-43. The values shown in Table 3, column 5, 


TaBLe 3. Measurements of electric time constant of motoneuronal membrane 


Experi- Electrode Cell potential potential measure- block § measure- 
ment ‘ype type (mV) ment method ments 
1 5 6 7 8 
1/12/55 SKC BST -70 2-4 1-2 1-1 
4/1/56 8 4 BST -70 2-0 0-75 
28/2/56 SK ? 65 4-2 2-2 
20/6/56 ? 60 2-6 1-1 
20/11/56 Per ~75 4-9 1-35 2-3 — 
20/11/56 8M -71 18 
1/2/57 Gs 64 0-6 
1/2/57 — 66 3-1 
1/2/57 FDL 60 3-0 1-3 -- 
5/2/57 MG 60 3-9 1-3 — 
5/2/57 8 54 2-8 1-4 
5/2/57 LG 69 5-1 10 
/5/58 
20/5/58} Ber 2.6 0-92 
11/6/58 ? 4-2 1-6 
Means — 66 3-1 1-1 


were measured in this way, and consequently can be regarded as being only 
very approximate, depending as they do on so many assumptions of doubtful 
validity. The progressive electrotonic distribution of potential from soma to 
dendrites accounts not only for the deviation of the rising phase of the 
potential curves from the exponential form, but it also accounts for the faster 
decay of potentials set up by brief pulses, as in Fig. 6 B, Z, H, K. Under such 
couditions the potential change will not be so effectively distributed along the 
dendrites. | 

Strength—latency relationship. Frank & Fuortes (1956) derived the membrane 
time constant from the curve expressing the relationship between intensity 
of rectangular pulses and the latency of spike initiation. If the current is 
applied uniformly to the whole excitable membrane, the potential will rise 
exponentially to its steady-state value, and, assuming that the threshold for 
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spike initiation is independent of the rate of rise, that is, that accommodation 
is negligible, 


where J is the current which stimulates in time t; Ip, is the rheobasic current 
and r the membrane time constant. From this equation it follows that when 
t=, 1 =1-58 I;y. Thus, in a series such as that illustrated in Fig. 9 and plotted 
in Fig. 10, the points lie on a curve which shows that a current 1-58 times 
rheobasic strength stimulates with a latency of 0-92 msec, Le. a value of 
0-92 msec is derived for 7, the membrane time constant. The time course of the 
membrane potential changes directly observed in this same motoneurone are 
plotted in the inset of Fig. 10 for a series of currents in both depolarizing and 
hyperpolarizing directions, and extracellular recording showed that the 
compensation had effectively neutralized all potential changes after 1 msec. 
When measured after 1 msec from the onset of the current pulse, the mean 
values of the two successive half-times were 1-45 and 1-6 msec respectively. 
Evidently there is a large discrepancy between the membrane time constant of 
0-92 msec derived from the strength-latency curve and one of 2-2 msec 
derivable from the observed changes in membrane potential, and which should 
be still larger when allowance is made for the dendritic distortion, when the 
value for r would be about 2-6 msec. Discrepancies of this order are shown in 
Table 3, columns 5 and 6, for every motoneurone in which both.measurements 
have been made, and lesser discrepancies in the same direction were reported 
by Frank & Fuortes (1956). 

Considerable disabilities are associated with the use of strength-latency 
curves in determining the time constant of the motoneuronal membrane. In 
the first place the equation is based on the assumption that rectangular 
current pulses evoke membrane potential changes that approach exponentially 
the steady-state value with a time constant characteristic of the membrane. 
The distortion due to dendritic current flow will cause the derived time con- 
stant to be much below that actually obtaining for the membrane. A further 
major disability is that the applied current is not the only means by which the 
membrane is being depolarized. Local responses will provide active depolari- 
zation as the threshold is approached, and the background synaptic bombard- 
ment by excitatory impulses (synaptic noise, cf. Brock, Coombs & Eccles, 
1952) will tend to shorten the latency for any particular current. Finally, 
accommodation provides a distortion which is difficult to assess, and which 
appears to vary considerably with different motoneurones. All these dis- 
tortions will tend to diminish the value of + derived from strength—latency 
curves. The large discrepancies exhibited in Table 3, columns 5 and 6, thus 
seem to be adequately explained. 

As would be expected on account of these various distorting factors, the 
strength—latency curves deviate systematically from the curve derived from the 
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equation. For example, if the theoretical curve in Fig. 10 (the oblique crosses 
are on this curve) is adjusted so that it passes through the strength-latency 
curve at a point 1-58 times rheobasic strength, i.e. with t=r, the observed 


latencies are longer than predicted for all stronger strengths, and briefer for 


all weaker strengths. 

The time course of excitability. When a rectangular current pulse is applied to 
a motoneurone, the time course of the change in membrane potential may also 
be measured by applying a brief testing stimulus. The most satisfactory pro- 
cedure is that introduced by Frank & Fuortes (1956). A testing pulse with a 
constant duration of not more than 0-3 msec is superimposed at various times 
during and after the rectangular pulse, and-for each position the intensity is 


Duration of pulse 

Fig. 11. Excitability changes produced in a plantaris motoneurone by application of small 
hyperpolarizing (open circles) and depolarizing (filled circles) current pulses of 28 msec 
duration. Double K,SO, electrode. Resting membrane potential, -81 mV. Each point 
represents the strength of a testing pulse of 0-3 msec duration that was required to generate 
an impulse in about 50 % of the trials when superimposed at the indicated intervals in relation - 
ship to the conditioning pulse. The testing pulse strength is shown relative to the control 
strength which was determined at frequent intervals and which remained virtually constant 
throughout the whole series. Initially the hyperpolarizing pulse was 4 x 10~* A, but with the 
point just before and those after the cessation of the pulse the strength was inadvertently 
reduced to 2-5 x 10-* A. The depolarizing current was at this reduced strength throughout 
the whole series. Note change in time scale from 10 to 26 msec. Inset curve (broken line) 
shows time course of membrane potential change produced by the current pulse. It is the 
mean of the depolarizing and hyperpolarizing potentials as in Fig. 5. 


determined that excites an impulse in approximately 50% of the trials. The 
threshold intensities of the testing stimuli can be expressed as fractions of the 
control threshold intensity, that is, in the absence of the rectangular pulse, and 
plotted against the temporal position of the test as in Fig. 11. When the 
rectangular pulses in the depolarizing and hyperpolarizing directions were 
relatively weak, the excitability curves so determined were approximately 
mirror images, just as was observed with the membrane potentials produced 
by the current pulses (Figs. 3, 5). If accommodation is negligible, these 
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excitability curves should express the time course of the change in membrane 
potential produced by the rectangular current (cf. inset figure with broken line 
in Fig. 11) and good agreement is observed in these two time courses in Fig. 11. 
Frank & Fuortes (1956) found a small amount of accommodation in the three 
motoneurones that were tested during long depolarizing currents (100 msec). 
A similar accommodation is seen in Fig. 11 from 14 to 28 msec during a hyper- 
polarizing current and is also indicated for the depolarizing current, at least 
during the latter part of this period. 3 
On cessation of long rectangular currents the excitability shows the reverse 
change with a comparable time course after 28 msec in Fig. 11, but tends to 
overshoot, as would be expected for the accommodation reaction. Thus the 
membrane excitability exhibits a rather faster time course than the membrane 
potential. This procedure has been tried on several motoneurones, but, on 
account of spontaneous variations in excitability, a reliable value for the time 
constant was obtained only in the example illustrated (cf. Table 3, column 8), 
where it is seen to be in good agreement with the value in column 5. 
Less satisfactory procedures for measuring the time course of the excitability 
change employ as tests either antidromic or orthodromic stimulation of the 
motoneurone. In the usual procedure the intensity of the rectangular ‘pulse 
was varied, so that at each testing position a spike was evoked in 50% of the 
trials. For example, the depression of excitability by a rectangular hyper- 
polarizing current can be tested by its power of blocking the antidromic 
invasion of a motoneurone. In this way a curve is obtained relating current 
strength to the time at which a certain depression of excitability is attained. 
Similarly, the increase in excitability produced by a rectangular depolarizing 
current could be tested by a fixed subthreshold synaptic stimulus, or by an 
antidromic impulse that normally failed to invade the soma of the moto- 
neurone. The curves are of the same form as those discussed above in relation 
to the strength—latency measurements, and, if it be assumed that the time 
courses of the excitability changes on the membrane are of an exponential 
nature, the same formula can be applied. Thus when t=7, J = 1-58 Irn, where 
I is the current used and J,» the rheobasic current producing the phenomena 
under observation. Again, values derived in this fashion will be complicated 
not only by the complex distribution of the rectangular current to soma and 
dendrites, but also by the effects of accommodation, synaptic noise and local 
responses. The latter process will not be apparent when hyperpolarizing pulses 
are used, and hence the best results may be obtained when this type of pulse 
is used to block the antidromic invasion of the motoneurone. As is shown in 
Table 3 by the comparison of column 7 with 5 and 6, the values for four cells 
derived in this way resemble those derived by strength—latency measurements 
in being much briefer than those derived from the observed membrane potential 
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DISCUSSION 
The specific membrane resistance (Table 4, column 5) 


It is evident from Table 2, column 2, that, on account of the anatomical con- 
figuration of the motoneurone, only a very approximate estimate can be made 
for the specific membrane resistance. It seems likely that the wide range of 
the measured resistances for motoneurones (from 0-5 to 2-5 MQ in Table 1, 
column 5) is largely attributable to the range of effective surface area, which 
would be especially related to the number and size of the dendritic branches. 
As a motoneurone deteriorates, there is a progressive decline both of its 
membrane potential and its resistance, but the low resistances (under 
1-0 MQ) in Table 1, column 5, cannot be explained in this way, for the mem- 
brane potentials of these motoneurones were on the average considerably 
higher than the remainder, and their spike potentials also indicated that they 
were in good condition. It seems reasonable to attribute their low resistance 
to their larger effective area. In so far as a mean value is determinable for the 
specific membrane resistance of the motoneuronal membrane, it seems that the 
best approximation is 600Q.cm?* calculated for a mean resistance of 1-2 MQ 
and a standard size of motoneurone with six dendrites (Table 2). 

Frank & Fuortes (1956) gave a rather larger value of 1000Q.cm? for cat 
motoneurones, deriving it from their higher mean value for membrane re- 
sistance (1-65 MQ). Still higher values for specific membrane resistance have 
been determined with other types of nerve cells. Fessard & Tauc (1956) report 
a mean value of 220022.cm* for the giant ganglion cells of Aplysia, and a 
value of 500-1000 Q.cm* is given for the supramedullary neurones of the 
puffer fish (Hagiwara & Saito, 1957). Since both these measurements were made 
on cells into which two separate electrodes had been inserted, and which were 
approximately spherical with no complicating dendrites, they would be the 
most accurate determinations yet made on nerve cells, Ito’s (1957) values on 
toad spinal ganglion cells also have the merit of being made on spherical cells 
under direct observation, but only one electrode could be inserted into these 
much smaller cells, so there was the disability that current had to be passed 
through the electrode used for making the potential measurements, with the 
consequent risk of polarization effects. Specific membrane resistances for 
large and small spinal ganglion cells are shown in Table 4, column 5. 


The membrane time constant (Table 4, column 8) 

For the purpose of interpreting the time courses of synaptic action, as 
attempted in the following paper (Curtis & Eccles, 1959), it is important to 
have as accurate an estimate as possible of the electric time constant of the 
motoneuronal membrane. It has been suggested above that Rall (1957) chose 
too high a value for the specific membrane resistance and hence over-estimated 
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the ratio of dendritic to soma current by a factor of more than 2. As a con- 
sequenée, from the observed potential changes produced by rectangular 
currents, he derived an electric time constant of about 4 msec, in contrast to 
the mean value of 3-1 msec given in Table 3, column 5. In the next paper it 


will be shown that the lower value allows an interpretation of the time courses | 


of both inhibitory and excitatory post-synaptic potentials that conforms with 
several other types of experimental investigation, whereas Rall’s larger value 
would lead to considerable difficulties. 

As a motoneurone deteriorates, the time constant of the membrane shortens, 
an effect presumably due to the diminution of the membrane resistance. The 
values given in Table 3 were recorded from motoneurones as soon as possible 
after impalement, and results from obviously deteriorated motoneurones were 
rejected. Nevertheless, it is probable that many of the values listed had already 
declined considerably below their proper level. 

Values for the time constants of different types of nerve cells are shown in 
Table 4, column 8. It will be seen that spinal ganglion cells are not very 
different from motoneurones, but the ganglion cells of Aplysia have very long 
time constants. Correspondingly both the excitatory and inhibitory post- 
synaptic potentials run very prolonged time courses. 


The membrane capacity (Table 4, column 7) 

The specific membrane capacity is derived by dividing the membrane time 
constant by the specific membrane resistance; values for several types of 
neurones are shown in Table 4, column 7. The mean value was about 5uF/cm? 
for cat motoneurones. The total effective capacity of a cat motoneurone, as 
tested by a current applied by an intrasomatic micro-electrode, can likewise 
be calculated to be about 2-5x10-*° F. A much lower specific membrane 
capacity (1-0-1-5y.F/cm*) was given by Frank & Fuortes (1956) for cat moto- 
neurones. This discrepancy is largely attributable to the misleading brief 
value that was derived for the time constant by the strength-latency method 
(cf. Table 3, column 8). 

Specific membrane capacities of 1-1-2 .F/cm* are reported by Ito (1957) for 
the toad spinal ganglion cell, which are in approximate agreement with the 
values of about 1 »F/em? that obtain for the surface membranes of giant axons. 
In contrast, much larger values of 23uF/cm? and 5-15uF/cm? have been 
obtained for the approximately spherical ganglion cells of Aplysia and for the 
supramedullary neurones of the puffer fish. 


SUMMARY 
1. Rectangular current pulses have been applied to motoneurones through 
intracellular single or double micro-electrodes and the time courses of the 
membrane potential changes have been recorded. The most satisfactory 
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arrangement was to use a double micro-electrode with current passing through 
one barrel, the potential being recorded through the other. Compensatory 
circuits are described which balance out artifacts produced by the passage 
of current through the single or double electrode, at least after the first 1-2 
msec. The potential change actually impressed on the motoneuronal membrane 
is obtained by subtracting the potentials observed when the procedures are 
repeated with the same balance, but in a just-extracellular position. 

2. After the first one or two milliseconds this membrane potential change 
approaches its final value with a time course that deviates slightly from 
exponential in that there is a progressive lengthening of successive half-times. 
The approximate membrane time constant is derived from these curves by 
allowing for the distribution of applied current between the soma and 
dendritic membranes (cf. Rall, 1957). 

3. The final membrane potential change is approximately proportional 
to the applied current, the effective membrane resistance being derived from 
the constant of proportionality. The mean value was 1-2 MQ (range 0-5-2-5 MQ). 

4. This direct method of measuring membrane resistance is shown usually 
to give values in approximate agreement with indirect procedures introduced 
by Frank & Fuortes (1956). 

5. The membrane time constant derived from the potential curves (mean 
value of 3-1 msec, range 1-8-5-1) is much longer than that derived by the 
strength-latency procedure (mean 1-1 msec). This discrepancy is attributable 
to several complications that would reduce the latter value below the mem- 
brane time constant. 

6. Subsidiary methods of measuring membrane time constant are described, 
which depend on the application of test procedures at various times during a 
rectangular current pulse. 

7. By assuming a standard structure and size for the motoneurones plus 
dendrites, approximate values have been derived for the specific membrane 
resistance (600 Q,cm*) and capacity (54F/cm*), which are compared with the 
values obtained by other investigators on motoneurones and other types of 
nerve cells. 
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THE TIME COURSES OF EXCITATORY AND INHIBITORY 
SYNAPTIC ACTIONS 


By D. R. CURTIS ann J. C. ECCLES 
From the Department of Physiology, Australian 
National University, Canberra 


(Received 3 September 1958) 


When recorded intracellularly the excitatory and inhibitory post-synaptic 
potentials (EPSP and IPSP) generated in motoneurones by virtually syn- 
chronous synaptic action (Brock, Coombs & Eccles, 1952; Coombs, Eccles & 
Fatt, 19556, c) have time courses that resemble the end-plate potentials of 
curarized muscle in having a steep rising phase and a slower, approximately 
exponential, decay. With the end-plate potential it has been shown that the 
total displacement of charge, as distributed along the muscle fibre membrane, 
reaches &@ maximum in 1-2 msec and then decays in a strictly exponential 
manner (Fatt & Katz, 1951; Boyd & Martin, 1956). Since the observed rate 
of exponential decay is in close agreement with the rate to be expected from 
the measured electrical properties of the muscle fibre, it has been concluded 
that the neuromuscular transmitter acts for no longer than 2 msec in causing 
an active transfer of charge across the post-synaptic membrane (Fatt & Katz, 
1951). Similarly, it was suggested that the approximately exponential de- 
caying phases of EPSP and IPSP were entirely attributable to the passive 
decay of charge, and that the active transmitter action was no more than 
2 msec in duration (Eccles, 1953; Coombs ef al. 19550, c). 

Since, by means of compensatory circuits, it is now possible to measure 
directly the time constant of the motoneuronal membrane (Araki & Otani, 
1955; Coombs, Curtis & Eccles, 1956, 1959), this suggestion can be tested 
experimentally. Furthermore, other methods give evidence relating to,the 
time courses of active transfer of charge that is brought about by the excitatory 
and inhibitory synaptic transmitters. The necessity for this further investiga- 
tion was emphasized when special precautions were taken to exclude dis- 
tortions introduced by delayed synaptic actions. The IPSP was found always 
to decay faster than the EPSP; the postulated passive decay could not strictly 


obtain for both. A preliminary account of part of this investigation has already . 
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been published (Coombs et al. 1956). Fessard & Tauc (1957) and Tauc (1958) 
have also reported that, with the giant ganglion cells of Aplysia and Heliz, 
the EPSP’s and IPSP’s decay more slowly than would be predicted from the 
passive electrical properties of the membrane, and have likewise concluded 
that there is a long residual phase of excitatory synaptic transmitter action. 
Hagiwara & Saito (1957) have made comparable observations with the supra- 
medullary neurones of the puffer fish. 


METHODS 


The methods of investigation have been described in the previous paper (Coombs ef al. 1959). 
Special precautions were taken to ensure that the EPSP and IPSP were generated by virtually 
synchronous synaptic actions. The stimuli were kept as weak as possible so that the volleys would 
be largely in Group Ia fibres with a minimum of contamination by Ib impulses (Laporte & 
Bessou, 1957; Eccles, Eccles & Lundberg, 1957 a). In all cases the afferent volley was recotded by 
means of an electrode appropriately placed on the dorsal root entry. 


RESULTS 
Analysis of EPSP’s and IPSP’s on the basis of the electrical properties 
of the post-synaptic membrane 
In a considerable number of motoneurones it has been possible to measure the 
time course of the membrane potential change produced by rectangular current 
pulses and at the same time to record the EPSP’s and IPSP’s generated by 
Group Ia afferent volleys. For example, in Fig. 1 H-O, the difference between 


10 mv] L 


Fig. 1. Intracellular recording (doniastaaided § K,S0, micro-electrode) from a posterior biceps- 
semitendinosus motoneurone (resting membrane potential - 66 1aV) showing IPSP’s pro- 
duced by a ) Group Ia quadriceps afferent volley (A—C) and EPSP’s produced by a Group Ia 
biceps di afferent volley (D-G). In addition in B—F the spike potentials of the 
afferent volleys, as recorded by an electrode on the appropriate dorsal root, reveal that there is 
minimal coatamination by Group Ib impulses. All records formed by superposition of about 
40 faint traces. H—K show intracellular potential changes for depolarizing pulses of 12 and 
6 x 10-* A and hyperpolarizing pulses of 6 and 12 x 10-* A, the artifacts being largely balanced 
out by a compensatory circuit. L-O show just-extracellular potential changes for these same 
current pulses and the same setting of the compensatory circuit. Note separate potential 
scales for the synaptic potentials and the pulse responses. Time scales shown throughout in 
milliseconds, G being at a slower sweep than the other records. 
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the potential curves produced by a current pulse with intracellular or extra- 
cellular location of the micro-electrode gives the time course of the membrane 
potential change, and from this the time constant of the motoneuronal mem- 
brane can be calculated, as described in the preceding paper (Coombs et al. 
1959). Fig. 1G was taken at a slower sweep speed in order to reveal the whole 
time course of decay of the EPSP produced by a Group Ia afferent volley; 
it follows an approximately exponential time course down to a slight hyper- 
polarization, as reported by Brock et al. (1952) and Coombs et al. (1955c). In 
contrast, the IPSP produced by a Group Ia volley from the antagonist muscle 
nerve declines exponentially to the initial base line (Fig. 1, B, C), which has 
been an invariable feature with IPSP’s produced by Group Ia volleys. 

By projecting and averaging several superimposed traces, the mean EPSP 
and IPSP produced by submaximal or just-maximal Group Ia volleys (Fig. 
1B, C, E, F, G) have been obtained as in Fig. 2A and B respectively. It will 
be noted that for the EPSP curve the zero potential has been set at the level 
of the after-hyperpolarization, i.e. it is assumed that this low level of hyper- 
polarization is submerged beneath the whole decaying phase of the EPSP. It 
is immediately evident from Fig. 2 that throughout its whole decaying phase 
the EPSP is much slower than the IPSP. Both post-synaptic potentials have 
an approximately exponential decay with respective time constants of 5-0 
and 3-7 msec, the time constant for the IPSP being very close to that derived 
from the current pulses, 3-6 msec (Coombs et al. 1959). This difference between 
the time constants of decay of the EPSP and IPSP was observed for every 
motoneurone of Table 1 (column 9). It was also observed for all other moto- 
neurones that were in reasonably good condition and in which EPSP’s and 
IPSP’s were produced by Group Ia afferent volleys. For the twelve moto- 
neurones in this additional series the time constant of the EPSP (mean 4-5 msec) 
was on the average 1-5 times the time constant for the IPSP (mean 2-9 msec). 

The significance of this difference between the decays of the EPSP and the 
IPSP is best appreciated by employing the membrane time constant in 
analysing the respective curves into their active and passive components. 
Thus dV /dt =I/C — V/rm, where d V /dt is the slope of the potential curve at any 
instant t, C and J are respectively the capacity of the membrane and the 
current flowing through it and rm is the electric time constant of the membrane 
(cf. Hill, 1936). Such analyses give the time courses of the active currents 
which are required to produce the EPSP and the [PSP; provided that it is 
assumed that the generating foci of these currents are uniformly distributed 
over the soma and dendrites. As is shown in Fig. 2A, B, the rapid rising phases 
of both the EPSP and IPSP are produced by brief intense currents in the 
positive and negative directions respectively (cf. the broken lines). As would be 
expected, the relatively slow decay of the EPSP is shown by the analysis to 
be attributable to a prolonged low residuum of depolarizing current. On the 
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other hand, the current generating the IPSP does not continue to any appre- 
ciable extent after the initial brief peak and the brief phase of reversal. The 
values for the electric time constants of the membrane and the time constants 
of the decay of the EPSP and IPSP indicate that with other motoneurones the 
active currents generating the EPSP and IPSP have time courses resembling 
those of Fig. 2A, B. For example, analyses (Fig. 3) of the EPSP’s produced 
in another motoneurone by two converging afferent volleys, as previously 


Fig. 2. Mean curves of the EPSP (A) and IPSP (B) are plotted from the records illustrated in 
Fig. 1 E-G and B, C respectively. These curves are analysed as described in the text on the 


basis of the membrane time constant derived from Fig. 1 H-O. The excitatory and inhibitory — 


synaptic currents so derived are plotted as broken lines on the ordinate scales of V/sec. The 


inset curves show the respective directions of current flows for excitatory and inhibitory 
synapses. 
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illustrated (Coombs e¢ al, 1959, Fig. 3), reveals low residual active depolarizing 
currents as in Fig. 2A. The directions of the depolarizing and hyperpolarizing 
currents produced by excitatory and inhibitory synaptic action are shown in 
Fig. 2 by the inset figures of schematic synapses. 


TasLe 1. Time constants of the motoneuronal membrane (r,,) and of the approximately 
exponential decays of (Group Ia EPSP’s and IPSP’s (rgpsp and t,psp). All motoneurones 
are BST "bits 


Membrane 
Experiment m msec msec (msec) 7, 

7 
5/3/56 8 KCl - 60 2-4 4-9 2-8 2-0 1-2 1-7 
5/3/56 8S K,S0, — 58 3-3 4-3 3-3 13 10 1-3 

2/6/56 — 55 3-6 5-8 3-7 1-6 10) 1-6 
25/6/56 — 60 2-3 4-6 2-7 2-0 1-2 1-7 
25/6/56 — 60 2-5 43 2-9 1-7 1-2 1-5 
18/7/56 - 2-5 1-4 1-8 
18/7/56 - 2-1 1-6 1-3 
1/2/57 ~56 2-0 3-5 2-5 1-7 1-2 1-4 
1/2/57 -57 2-9 4-8 3-3 1-7 1-1 1-5 
1/2/57 — 56 3-6 47 3-8 1-3 1-1 1-2 
5/2/57: — 66 3-6 5-0 3-7 1-4 10 1-4 
Means - 60 2-9 4-9 3-3 1-7 1-2 1-5 


0 2 4 6 8 10 12 14 1% 
msec 

Fig. 3. Lateral gastrocnemius motoneurone with resting membrane potential of -69 mV. Mean 
curves for intracellularly recorded EPSP’s (double K,SO, electrode) are shown by the con- 
tinuous lines in A and B for lateral and medial gastrocnemius afferent volleys respectively, 
the original records being illustrated in the preceding paper (Coombs ef al. 1959, Fig. 3). 
The curves have been analysed on the basis of the measured membrane time constant and are 
plotted as broken lines as in Fig. 2A. 


Frequently the analysis reveals that the peak of the IPSP current declines 
to a low transient phase of reversal, as in Fig. 2B at 2-4 msec. This does not 
necessarily imply that there is actually a reversal of the current flowing out at 
the synapses. It is more likely that the inhibitory synapses are not distributed 
uniformly over the soma and dendrites, as was assumed. If they were con- 
centrated on the soma and proximal region of the dendrites, there would be 
a late electrotonic distribution of the hyperpolarization to more remote 
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regions, which would have the same effect on the potential recorded intra- 
somatically as a reversal of synaptic current. It seems likely that a similar 
electrotonic redistribution of depolarization occurs with the EPSP, but usually 
it appears merely as an abnormally low phase of residual current at about 
2-4 msec, as in Figs. 2A, 3A, though exceptionally there may be a transient 
reversal (Fig. 9C). 


msec 

\ 

Fig. 4. Interaction of antidromic spike potential and the EPSP with intracellular recording from 
@ gastrocnemius cell with a single K,SO, electrode, the resting membrane potential being 
- 70 mV. The EPSP was set up by a gastrocnemius afferent volley which in A~F was turned 
on only for about half the superimposed traces, so that the other half give the control anti- 
dromic spike potential. In G the afferent volley was not turned off. The lower traces of C-G 
show the dorsal root spike set up by the afferent volley (it preceded the trace in A and B). 
H shows the control EPSP at a slower sweep speed. Same potential scale applies to all 
records. 


Analysis of EPSP’s and IPSP’s by interaction with an antidromic 

It should be possible to demonstrate the residual depolarizing current shown 
in Figs. 2A and 3 by recording the interaction of an EPSP and an antidromic 
impulse at various intervals. If an impulse is propagated over the surface of 
the soma and dendrites of a motoneurone after the peak phase of the current 
generating the EPSP, the intense membrane currents of the impulse will 
remove all the potential change produced by this peak phase. Any subsequent 
development of depolarizing potentials superimposed on the declining phase of 
the spike would be due to the low residual phase of active current depicted in 
Figs. 2A and 3. 

At each test interval of Fig. 4A—F about ten traces were photographed for 
the antidromic spike potential alone, and then about ten with the excitatory 
synaptic action as well. The control of the EPSP alone is seen in H at a slower 
sweep speed in order to show the full time course of its approximately expo- 
nential decay, the time constant being 4-8 msec. 

When the afferent volley follows the antidromic impulse (E, F, G), it generates 
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an EPSP that is diminished in size and with an earlier summit and faster 
decay, as already reported (Eccles, 1952; Coombs et al. 1955c). Even when the 
afferent volley arrives at the spinal cord at the same time as the antidromic 
impulse, it is seen in D to add a small low depolarization to the decaying phase 
of the spike. When the afferent volley is earlier still (C, B, A), so that it 
generates the EPSP before the antidromic impulse invades the motoneurone, 
a complication is introduced by its action in shortening both the M-IS and 
IS8-SD delays that occur in the antidromic invasion of a motoneurone (Coombs 
et al. 1955a; Frank & Fuortes, 1956; Coombs, Curtis & Eccles, 1957a, 6). Thus, 
in making an accurate assessment of the depolarization added to the decaying 
phase of the spike, an allowance has to be made for the temporal discrepancy 
between the respective spikes. Even before this allowance is made, it is 
evident in B and C that the afferent volley has a delayed depolarizing action 
that is sufficiently large to cause the combined potential to cross the control 
at the points indicated by the arrows. Even in A the latter part of the combined 
trace is above the control, causing a distinct widening of the trace from the 
arrow onward, 

In plotting the depolarizing potentials in Fig. 5, as determined by sub- 
traction of the traces of Fig. 4, allowance has been made for the temporal — 
discrepancy between the respective spikes. Subtraction is a very inaccurate 
procedure during the rapid declining phase of the spike. In any case the 
very short time constant of the spike decay shows that the post-synaptic 
membrane has an ionic conductance about ten times its resting level, which 
would correspondingly diminish the membrane potential change produced by 
currents flowing into activated synapses. Furthermore, even during the latter 
part of the spike, these currents are diminished because the motoneuronal 
membrane potential is closer to the equilibrium potential for the activated 
excitatory synapses, which is about zero potential (Coombs et al. 1955c). The 
action of excitatory synapses on the membrane potential has therefore been 
plotted in Fig. 5 only from the terminal phase of the spike potential onwards. 

Even when the antidromic spike potential was superimposed so late that 
the EPSP had declined to about half (Fig. 4A), a small depolarizing potential 
was built up after the spike (Fig. 5B A). This residual depolarizing action was 
progressively increased as the antidromic spike was moved earlier relative to 
the EPSP (Fig. 5, B to C to D), and finally there was a rapid increase in this 
depolarization when the peak of the synaptic excitatory action (Fig. 4E, F, G) 
occurred late on the decline of the spike (Fig. 5B E, F, G). 

In previous attempts at this type of experiment it was reported that residual 
depolarization could not be detected (Coombs et al. 1955c; Fatt, 1957), or 
when a small amount was observed it was attributed to stray synaptic action 
of long latency. The residual depolarizations illustrated in Figs. 4 and 5 are 
now regularly observed in all experiments (cf. Eccles, 1957, Fig. 12) in which 
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conditions are rendered specially favourable by the large size of the EPSP and 
the low noise level of the intracellular recording. Furthermore, special pre- 
cautions have been taken to eliminate delayed synaptic action through poly- 
synaptic pathways. The afferent volleys have been set up by stimuli either just 
submaximal or just-maximal for Group Ia, which would virtually eliminate 
complication by Group Ib afferent impulses (Laporte & Bessou, 1957; Eccles 
et al. 1957a). In any case the motoneurones principally employed have been 
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Fig. 5. Plotted curves derived from records shown in Fig. 4. A gives the control record for the 
EPSP, while B shows the potentials added by the excitatory afferent volley at the various 
times of Fig. 4 A-G relative to the antidromic spike potential, which is shown truncated and 
beginning just after the artifact produced by the antidromic stimulus at zero on the time 
scale. The arrows marked A-G give the times of arrival at the spinal cord of the afferent 
volleys for the series of Fig. 4A—G. The respective potentials produced after the antidromic 
spike are determined by subtraction as described in the text and are labelled (A-@). 


gastrocnemius-soleus, flexor digitorum longus or plantaris, on all of which 
Group Ib action is inhibitory rather than excitatory (Eccles, Eccles & Lund- 
berg, 19576). Finally, it should be pointed out that synaptic excitatory action 
by Group Ib impulses is not more than 3 msec later than monosynaptic 
excitatory action, and hence could not account for the very late residual 
excitatory action seen in Figs. 4 and 5. It therefore seems probable that the 
initial Group Ia afferent volley has a delayed residuum of activity for many 
milliseconds after the brief initial peak of action. Thus independent evidence 
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has been obtained in support of the time course for the active phase of synaptic 
excitatory action that is shown in Figs. 2A and 3. An objection (cf. Fatt, 1957) 
to both the analytical procedures illustrated in Figs. 2, 3 and 5 will be con- 
sidered in the Discussion, before a quantitative comparison is made between 
the results obtained by these two procedures, and before final conclusions are 
reached with respect to the time course of action of a single excitatory synapse. 


PRES. 
Fig. 6. Biceps-semitendinosus motoneurone with single K,SO, electrode, the resting membrane 


potential being -70 mV. Interaction of antidromic spike potential and an IPSP produced 
by a Group Ia afferent volley in quadriceps nerve. The lower traces of A-I are electrically 
differentiated records. The IPSP produced by the quadriceps afferent volley is shown at 
higher amplification in J. All records are at same sweep speed and the artifact of the quadri- 
ceps stimulus is seen at the same position at the onset of each record except I, which is the 
control antidromic spike potential. The antidromic impulse is moved progressively later 
relative to the IPSP from A to H. 


The effect of an IPSP in depressing the peak of an antidromic spike has 
already been illustrated (Coombs, Eccles & Fatt, 1955d, Fig. 6A). A signi- 
ficant depression was observed only during a brief period of about 2 msec that 
corresponded to the assumed phase of inhibitory transmitter action (cf. Fig. 
2B). The IPSP also exerts a depressant action on the IS-SD transmission of an 
antidromic impulse. For example, in Fig. 6 the Group Ia IPSP, shown at 
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higher amplification in Fig. 6J, caused the IS-SD blockage over the range of 
intervals from Fig. 6 B~C. When the antidromic impulse was slightly later (D), 
there was merely a delayed IS-SD transmission, though it was occurring at the 
maximum phase of hyperpolarization of the IPSP. With still later positions 
of the antidromic impulse (E-H) the differentiated records in particular reveal 
that the IS-SD delay was progressively shortened till it was the same as in the 
control antidromic response (I). It appears that, during the rising phase of the 
IPSP, antidromic IS-SD transmission is severely depressed by some factor 
other than hyperpolarization per se. This depression thus provides additional 
evidence for the existence of a brief intense phase of active hyperpolarizing 
current, such as is indicated by the analysis of the IPSP in Fig. 2B. 


membrane potential being —70 mV. IPSP’s are set up by quadriceps Group Ia afferent 
volleys, and the EPSP’s by biceps-semitendi afferent volleys. B—K show interaction of 

_ I[PSPand EPSP at various intervals, the control responses being given in A and L respectively. 
All records were formed by the superposition of about 40 faint traces, but the quadriceps 
afferent volley was only turned on for about half the traces, so that the control EPSP was 
superimposed on all records from B to K, Lower traces show the record from the L 7 dorsal 
root, the quadriceps afferent volley consequently giving a very small spike potential. Same 
time and potential scales for all records. 


The interaction of an IPSP and an EPSP at various intervals has already 
led to the same inference (Coombs et al. 1955d, Figs. 4, 5). This interaction is 
more effectively displayed in Fig. 7, where at each interval the control course 
of the EPSP alone is shown for about half the superimposed traces. It will be 
seen that the hyperpolarizing action of the activated inhibitory synapses is 
greatly potentiated when it is superimposed upon the EPSP. This potentia- 
tion is satisfactorily explicable by the displacement of the membrane potential 
away from the equilibrium potential for the IPSP, which is at about 10 mV of 
hyperpolarization relative to the resting membrane potential (Coombs et al. 
19556, d; Kecles, 1957, p. 140). However, when the rising phase of the IPSP 
precedes the onset of the EPSP (Fig. 7 B—F), there is no potentiation of the 
later decaying phase of the IPSP, which can be seen particularly well in the 
subtracted records of Fig. 8B. Again, this observation reveals that the active 
hyperpolarizing currents generating the IPSP cease within 2 msec of their 
onset, as is indicated by the analysis of Fig. 2B. A similar inference may be 
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drawn from the plotted points of Fig. 8C, where the potentiation of the IPSP 
is plotted against the interval relative to the EPSP for all the records of the 
series partly illustrated in Fig. 8B. The time course of the potentiation curve 
corresponds closely to the EPSP, but begins about 1 msec earlier. This is 
precisely the relationship that would be expected if the IPSP is generated by 
a brief hyperpolarizing current, as in Fig. 2B, which is potentiated by the 
depolarization of the EPSP. The large degree of potentiation (3 to 5-5 mV) would 
be expected with an equilibrium potential for the IPSP only about 10 mV 
greater than the resting membrane potential (Coombs e¢ al. 19555). 


BE 


Fig. 8. EPSP’S and IPSP’s for the same motoneurone and afferent volleys as in Fig. 7, but at a 
slower sweep speed. A shows the control EPSP and IPSP, while B shows an analysis of 
records like those of Fig. 7 B—K, but at the slower sweep speed. It is assumed that the EPSP 
is unaltered by the superimposed IPSP’s, which are themselves greatly potentiated as shown. 
The peak potentials of the IPSP’s so determined are plotted in C against the interval 
between their onset and the onset of the interacting EPSP, part of the series being shown 
in B, Note that same time scale obtains for A, B and C, zero time being placed at the origin 
of the EPSP. 


The EPSP during hyperpolarization 
It has already been reported (Coombs et al. 1955c) that, when the moto- 
neuronal membrane is hyperpolarized, the rising phase of the EPSP becomes 
steeper, the summit earlier, and the decay accelerated, as may be seen in the 
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EPSP illustrated in Fig. 9A, B. When the intensity of the hyperpolarizing 
current was increased to 3, 4-5 and 8x 10-°A, there were graded changes in 
the EPSP in all these three respects, which were reversed on cessation of the 
current (lowest records). Since hyperpolarization produces little or no change 
in the membrane resistance (Coombs et al. 1955a; Frank & Fuortes, 1956; 
Coombs et al. 1959), it is justifiable to assume constancy of the membrane time 


10 12 14 16 18 
msec 


Fig. 9. Effect of hyperpolarizing current on the EPSP. Gastrocnemius motoneurone recorded by 
a single K,SO, electrode, the resting membrane potential being - 74 mV. A and B show 
EPSP produced by a maximal Group Ia afferent volley from gastrocnemius nerve, at slow 
and fast sweep speeds. The strength of the applied hyperpolarizing current is indicated on 

record in units of 10-* A. Each record is formed by the superposition of about 40 faint 
traces and the current was applied for the few seconds necessary for each record. The con- 
tinuous line of C is the control EPSP, and is analysed on the basis of the measured membrane 
time constant in order to determine the time course of the synaptic current (broken line) as 
in Fig. 2A. Similarly, D gives the EPSP and calculated synaptic current during the action 
of 8x 10-* A hyperpolarizing current. Note the overlapping ordinate V/sec scales for the 

currents which are shown partly superimposed for reasons of economy in plotting. 


constant and to analyse the various EPSP’s on this basis. For example, the 
time constant was measured for the motoneurone of Fig. 9 by the square 
pulse technique, as in Fig. 1 (cf. Coombs e¢ al. 1959), and the calculated time 
course of the active depolarizing current is shown by the broken lines in Fig. 
9C. The control analysis (C) reveals a prolonged residual current as in Figs. 
2A and 3, though there was a brief reversed phase, On the other hand, during 
a hyperpolarizing current of 8 x 10-°A (D), there was a considerable accentua- 
tion of this reversed phase, but no subsequent residual current. There was also 
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a considerable potentiation of the initial depolarizing current, its effectiveness 
being increased from 15 V/sec to 21 V/sec, which may be satisfactorily 
explained by the increased voltage driving that current (Coombs et al. 1955c). 
Thus, hyperpolarization appears to have eliminated the residual phase of 
synaptic excitatory action and so to have produced the earlier summit and 
faster decay of the EPSP, which, hitherto, have been inexplicable (cf. Coombs 
_ @al. 1955c). It should be noted that the same action is also effected by after- 

hyperpolarization, as may be seen by comparing the E, F and G records of 
_ Fig. 5B with the control EPSP in Fig. 5A, but there is then the additional 
complication of increased membrane conductance (cf. Coombs et al. 1955c). 


DISCUSSION 

Fatt (1957) has suggested that, if the synapses were mostly located peripherally 
on the dendrites, the electrotonic spread of current would produce the observed 
decay of the EPSP at a rate slower than would be expected from the membrane 
time constant. Thus he envisages a situation analogous to that occurring when 
the end-plate potential is recorded intracellularly at some distance from the 
end-plate (cf. Fatt & Katz, 1951). However, when the EPSP is analysed in 
order to determine the approximate time course of the generating current, 
it is found (cf. Figs. 2A and 3) that the initial peak is separated from the low 
residuum by a trough which may even indicate a reversal of current (Fig. 9C), 
such as is regularly observed with the IPSP (Fig. 2B). A trough of this time 
course would be expected if the activated synapses were preponderantly 
distributed to the soma and proximal dendritic regions, so that electrotonic 
spread of the EPSP peripherally to the dendrites would give effectively a 
current opposing the low residuum of synaptic depolarizing current. With 
the IPSP the residual synaptic hyperpolarizing current is negligible, the 
trough being correspondingly more prominent (Fig. 2B). 

This interpretation of the analysed curves accords well with the observed 
location of the monosynaptic excitatory synapses on motoneurones (Szenta- 
gothai, 1958). By the bouton-degeneration method he has shown that the 
monosynaptic excitatory synapses are exclusively formed by the few large 
presynaptic terminals that make contact with the bases of the large dendrites, 
and then continue to terminate in knobs on the surface of the soma (cf. Cajal, 
1934, Fig. 28). Because an interneurone is interpolated in the pathway for 
Group Ia inhibition (Eccles, Fatt & Landgren, 1956) Szentagothai has not 
been able to locate the site of the inhibitory synapses. However, a similar 


- location on the soma and dendritic stumps is indicated by the reversal of 


current flow that follows the peak of current as determined by analysis of the 
IPSP (Fig. 2B). 

In the preceding paper the electric time constant of the motoneuronal 
membrane was determined from the time course of potential change produced 
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by application of a rectangular current pulse (Coombs ef al. 1959). In view of 
the considerable error that could be introduced by the allowance for electro- 
tonic spread from soma to dendrites, the values so derived for the time con- 
stant can be regarded as no more than rough approximations. Nevertheless, 
it will appear that such time constants form the basis of reasonable explana- 
tions for several observations that are otherwise perplexing. 

(1) The time course of decay of the Group Ia IPSP is invariably faster than 
the EPSP (Table 1, columns 6 and 5), which suggests either a difference in the 
location of the respective synapses, or a difference in duration of the respective 
synaptic transmitter actions. There is now strong evidence against the first 
alternative. When the time constant of the membrane (rm) is derived as 
described in the preceding paper (Coombs et al. 1959), it is little if any longer 
than the time constant of decay of the IPSP (7;pgp), a8 is seen in the ratios of 
column 8, Table 1. If 7m is derived in the manner suggested by Rall (1957), it 
would be considerably longer than tjpgp. Throughout its whole course the 
IPSP would be decaying much faster than a change in mem}pane potential 
uniformly distributed over the whole soma-dendritic membrane. In contrast, 
on the present analysis there is merely a brief phase of such faster decay 
following the peak of the inhibitory synaptic current (Fig. 2B), an effect 
which would be expected if there is an electrotonic redistribution of charge 
to the more remote dendritic areas. 

(2) The rebuilding of EPSP following its destruction by an intercurrent 
- antidromic impulse (cf. Figs. 4, 5) might conceivably be explicable by electro- 
tonic spread from remote dendritic areas that are not invaded antidromically, 
and in which the EPSP is primarily generated (cf. Fatt, 1957). However, this 
explanation is in conflict not only with the recent anatomical findings of 
Szentagothai (1958), but also with the derived time course for the excitatory 
synaptic current. This, as we have seen, shows a brief dip after the peak, which 
can be taken to mean that the EPSP is largely generated by synapses in 
proximity to the soma. There is approximate agreement on the one ‘hand 
between the magnitude and time course of the residual depolarizing current, 
as calculated on the basis of the derived value for tm (cf. Figs. 2A, 3, 9C), and, 
on the other, the amount of rebuilt EPSP following its destruction by an 
intercurrent antidromic impulse (cf. Figs. 4, 5). 

(3) The calculated time courses of synaptic current flow in Fig. 9C, D 
suggest that a hyperpolarizing current diminishes or abolishes the low resi- 
duum, and hence the advance of the summit and the accelerated decay of the 


_ monosynaptic EPSP (Fig. 9A, B) is satisfactorily accounted for. No explana- 


tion seems to be available for these results if, as suggested by Rall (1957), 7m is 
as long a8 Tgpgp and there is no residual transmitter action (ef. Coombs et al. 

1955c). The similar effects produced during the after-hyperpolarization 
following a spike (cf. Figs. 4, 5) can also be explained by the action of 
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hyperpolarizing current. If the after-hyperpolarization is generated only by that 
part of the post-synaptic membrane invaded by the spike, and hence probably 
unrelated to synapses (cf. Grundfest, 1957; Eccles, 1957), it will cause an 
inward cutrent to flow through the subsynaptic areas of the membrane, just 
as shown in the inset of Fig. 2A, i.e. in the same — as with the applied 
hyperpolarizing current in Fig. 9. 

‘We may postulate that the hyperpolarizing current i been either ac- 
calerelinig the process whereby transmitter substance is removed from the 
proximity of the subsynaptic membrane, i.e. from the synaptic cleft, or 
loosening the actual attachment of the transmitter substance to the sub- 
synaptic membrane. Either of these alternatives suggests that the transmitter 
substance is negatively charged. 

Group la volleys produce the EPSP and IPSP by an almost synchronous 
synaptic action (Coombs ef al. 1955c; Eccles, Fatt & Landgren, 1956); hence 
the time courses of the observed EPSP’s and IPSP’s give approximately the 
time courses of potentials generated by single synapses, and this also would 
obtain for the derived synaptic currents. The present analyses are in agree- 
ment with investigations on single synapses of the giant ganglion cells of 
Aplysia and Helix (Fessard & Tauc, 1957; Tauc, 1958), where there is con- 
vineing evidence that the initial intense phase of synaptic action is followed 
by a residuum prolonged even over hundreds of milliseconds. The decay of the 
EPSP is much slower than that of the potential produced by a current pulse, 
while an intercurrent antidromic impulse is largely ineffective in destroying 
the EPSP. Hagiwara & Saito (1957) find that the excitatory synaptic 
potentials of the supramedullary neurones of the puffer fish have a half-time 
of decay of 20-30 msec, in contrast to values of 3-5 msec for potentials 
generated by applied current pulses; hence likewise it may be concluded that 
there is a prolonged action of the synaptic transmitter. A similar conclusion 
has been arrived at for the cholinergic activation of Renshaw cells in the spinal 
cord (Eccles, Fatt & Koketsu, 1954; Eccles, Eccles & Fatt, 1956; Curtis & 
R. M. Eccles, 1958). 

Since the synaptic cleft between the presynaptic and subsynaptic mem- 
branes is now known to be only about 200 A across (Palay, 1956; de Robertis, 
1956), it might be supposed that a considerable. time would be occupied in the 
clearing of this cleft by the outward diffusion of transmitter substance, and — 
hence that the prolonged residuum of synaptic transmitter is satisfactorily 
accounted for. However, if the synaptic cleft is reasonably clear of diffusional 


_ barriers, and the transmitter molecules have a diffasion coefficient approxi- — 


mating to that of acetylcholine, it can be shown that synaptic clefts under 

synaptic knobs one or two microns in diameter are cleared by diffusion within 

a fraction of a millisecond (Eccles & Jaeger, 1958). The calculated rate of 

transmitter depletion due to diffusion out of the synaptic cleft corresponds 
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well with the initial rapid decline of the excitatory and inhibitory transmitter 
actions as given by the derived currents in Figs. 2, 3, 9C, D. The prolonged 
residual action suggests that in part at least diffusion is obstructed by barriers. 
which may become remarkably effective with Reushaw cells, where, in the 
presence of an anticholinesterase, the transmitter (acetylcholine) liberated by 
a single volley may continue to excite for several seconds (Eccles ef al. 1954). 
This diffusional barrier also obstructs the movement of many other molecules 
and ions (Eccles, Eccles & Fatt, 1956; Curtis & R. M. Eccles, 1958). 


SUMMARY 

1. Excitatory and inhibitory post-synaptic potentials (EPSP and IPSP) 
have been evoked in motoneurones by the virtually synchronous synaptic 
bombardment produced by Group Ia afferent volleys from appropriate muscle 
nerves. Both the IPSP and EPSP decay approximately exponentially, but 
the former always has a briefer time constant, the mean values being 3-1 and 
4-7 msec. 

2. By the application of rectangular current pulses and the balancing of 
artifacts with a compensatory circuit, the membrane time constant (7m) has 
been derived as described in the preceding paper and usually has been found 
to be approximately the same as the time constant of decay of the IPSP. — 

3. The values for 7m have been employed in determining the time course of 
the currents generating the EPSP and IPSP. In both, the intense initial peak 
of current is followed by a brief dip, and, as expected with the EPSP, there is 
a later low residual current which is negligible with the IPSP. 

4. The intercurrent dip is attributed to the electrotonic spread of potential 
to the remote dendritic areas, which presupposes a predominant distribution 
of the excitatory and inhibitory synapses on the soma and dendritic stumps in 
accordance with Szentagothai’s histological findings for excitatory synapses. 

5. The residual excitatory synaptic current is attributed to prolonged low 
transmitter action, which is independently indicated also by interaction of the 
EPSP with an antidromic spike potential, and by the effect of a hyperpolari- 
zation in shortening the time to summit and accelerating the decay of the 
EPSP. 

6. The interactions of an antidromic impulse with the IPSP and of an 
EPSP with an IPSP are consistent with the conclusion that inhibitory 
synaptic action produces a brief intense hyperpolarizing current with no 

_ 1. The results are discussed in relationship to the diffusion of transmitter 
substances out of the synaptic cleft and to evidence indicating that single 


synaptic bombardments of other types of nerve cell are followed by prolongec 
transmitter actions. 
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THE EFFECT OF COLOSTRUM ON THE COMPOSITION AND 
VOLUME OF THE PLASMA OF NEW-BORN PIGLETS 


By R. A. McCANCE anp ELSIE M. WIDDOWSON 
From the Medical Research Council Department of Experimental Medicine, 
Unwersity of Cambridge 


(Received 9 September 1958) 


It is now well established that the resistance of the new-born piglet and 
ruminant to certain infections depends upon the absorption of y globulins from 
the maternal colostrum (McCarthy & McDougall, 1953; Comline, Pomeroy & 
Titchen, 1953). It has also been pointed out by Widdowson & McCance (1956) 
and McCance & Widdowson (1956, 1957) that piglets which have been fed by 
hand for experimental purposes on colostrum and early milk not only have 
higher concentrations of protein and particularly of globulin in their serum, 
but also tend to have appreciably and consistently lower haematocrits than 
those which are given water but no food. The present experiments were 
designed to give a more quantitative expression to these observations in a 
relatively simple way. 

METHODS 
The experiments have been made on three litters of new-born piglets. Some animals in each litter 
were removed from the mother as soon as they were born, and samples of blood were taken from 
the cord for the determination of the concentration of serum proteins and the packed cell volume. 
The animals were weighed when they were dry, and paired according to their body weights. 
One animal in each pair was placed in a metabolism cage in a chamber at 31° C and given no food 
or water for 24 hr; the other animal was returned to the sow. After 24 hr had elapsed, Evans 
Blue (1 ml. of a 1% (w/v) solution) was injected into the heart of each animal in turn after a small 
control sample of blood had been taken, and 5 min later blood was withdrawn from the heart by a 
second puncture for the determination of the haematocrit and of the concentrations of Evans Blue 
and proteins in the serum. The animals were then killed by injecting air into the heart, weighed 
(with due allowance for the blood removed), and dissected to make sure that no part of the injected 
Evans Blue had lodged in the pericardial or thoracic cavities. The volume of circulating plasma 
was then estimated in the usual way by measuring the concentration of Evans Blue in it. The 
haematocrits of heparinized samples of whole blood, and the total serum proteins, albumin and 
globulin, were determined as described in the Appendix to Medical Research Council Special 
Report (1951). By making the assumption that the number of erythrocytes in the circulation had 
not altered in the 24 hr since birth it was possible from the two haematocrits on each animal and 
the plasma volume at the end of the experiment to calculate the change which had taken place 
in the volume of the circulating blood. This assumption is certainly not entirely correct, but the 
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same assumption was applied both to the animals which were being fed by the mother and to the 
controls which were not being fed. 

Eleven pairs of animals have been used, twenty-two animals in all. Determinations of haema- 
tocrit and serum proteins have been made on all piglets, but the measurements of plasma volume 
with Evans Blue have been made only on seven pairs. 


RESULTS 


Table 1 shows the haematocrits and serum proteins at birth and death. There 
was almost no change in the haematocrits of the fasted animals, showing that 
dehydration and haematocrit concentration were slight or absent. There was, 
however, a very material fall in the haematocrits of the animals which were 
left with the sow, and the difference between the haematocrits of the fed and the 
haematocrits oAthe fasted animals was highly significant (t= 4-23, P= < 0-01). 


Taste 1. The effects of fasting and of maternal colostrum on the haematocrit and 
concentration of proteins in the serum of new-born piglets (average + standard deviation) 


Fasted Fed 
"Initial Final Initial Final 
Haematocrit (%) 888 444 37-7 43:3 38-1 43-4 24-8 +67 
Serum proteins, 2-174.0-14 2-23 4. 0-16 217-4014 4-71 40-70 
total (g/100 ml.) 
albumin 1-24 4.0-06 1-33-4.0-08 1-24 40-06 1-194. 0-23 
(g/100 ml.) 
Serum globulin 0-93-40-10 0-90-4014 0-93-+4.0-10 
(g/100 ml.) 
1344009  1-4840-25 1244009 0334011 
globulin + 


The concentration of serum proteins at birth, although apparently very low, 
was at the normal level for a piglet, and the albumin and globulin values and 
ratios were also norma! at birth and changed very little during fasting. Suck- 
ling by the mother led to an increase in total protein from just over 2°% to 
nearly 5%, in 24 hr, and the whole of the increase was due to globulin. This 
inevitably led to a gross change in the albumin-globulin ratio. 

Table 2 shows the average body weights of the animals at birth and the 
effects of fasting and maternal colostrum upon them. The plasma volumes at 
death and the calculated plasma volumes at birth are also shown. The plasma 
volume at birth is given in italics, as it was not determined directly but was 
derived from the volume measured at death and the change in the haematocrit. 
The last lines in Table 2 show the total amounts of proteins circulating in the 
plasma at birth and death. The increase in albumin was small and barely kept 
pace with the expansion of the plasma, whereas the increase in globulin was 


great. It was due partly to increase in concentration and partly to expansion of 
the plasma. 


Thus the effect of access to maternal colostrum for 24 hr on the body weight | 


> of a piglet weighing about 1400 g was to increase it by 70g, say 5%. The 
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volume of the circulating plasma increased at the same time by 38 ml. (30%) 

and the weight of the proteins in it from 1-7 to 5-7g, or by more than 

200%. 

Tas_E 2. The effects of fasting and of maternal colostrum on the body weights, plasma volumes 
and total circulating proteins of new-born piglets (average + standard deviation) 


Fasted Fed 
Initial Final Ini 
Body weight (g) 1471 +201 1341 460 1423 +112 1490 +143 
Plasma volume 65 + 73 53. + 66 65 + 77 81 + 83 


(ml./kg birth wt.) 

Total circulating pro- 0-09 0-16 1204+ 007 4024+ 0-82 
tein (g/kg birth wt.) 

Total circulating albu- 0-04 0-694 0-09 069+ 007 0994 O18 
min (g/kg birth wt.) 

Total circulating fea 052+ 004 0464 0-08 051+ 006 30384 0-80 
lin (g/kg birth wt. 


DISCUSSION 


The experiments show what very large amounts of globulin normally enter the 
circulating plasma of the new-born piglet. They are presumably derived in 
large part, if not entirely, from the globulins in the maternal colostrum. It is 
known that these globulins are absorbed unchanged, but they must be 
absorbed through some highly specific channels for, if not, why are the much 
smaller albumin molecules not preferentially absorbed? Ifthe albumins are so 
absorbed, they do not remain in the circulation as the globulins do. If they did 
they would expand the plasma volume to a far greater extent than do the 
globulin molecules. Bangham, Ingram, Roy, Shillam & Terry (1958) have 
discussed problems similar to these as they apply to the calf and the rat. 
Although pathological piglet anaemia does not appear till 3-5 weeks of life, 
piglets often appear anaemic when their haemoglobins are estimated a few 
days after birth. These experiments not only explain this apparent anaemia, 
but also show how misleading it may be to compare the concentrations of 
haemoglobin in the blood at birth with those found a week or so later and to 
attribute the whole of the change to an iron deficiency. 


SUMMARY 

1. The effect of ingesting maternal colostrum on the volume and composi- 
tion of the plasma was studied in new-born piglets. : 
2. The absorption of globulins increased the plasma volume by 30%, and 
the concentration of globulins in the plasma at the same time rose from 0-93 
to 3-58 g/100 ml. 
3. The absorption of intact protein must have important physiological as 


The authors are indebted to Miss E. P. Colbourn for her help and to Stan and Terry Cowen for 
their care of the animals. 
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GASEOUS METABOLISM OF THE NORMAL AND DENERVATED 
SUBMAXILLARY GLAND OF THE CAT 


By B. ©. R. STROMBLAD 
From the Institute of Physiology, University of Lund, Sweden 


(Received 11 September 1958) 


The gaseous metabolism of an organ after section of the nerves has so far 
attracted little attention. Studies on the effect of previous section of the 
chorda tympani on the oxygen consumption of the submaxillary gland in 


vitro indicated that the denervation caused a decreased oxygen uptake in the 


resting tissue (Strémblad, 1957). Further, it was found that on stimulation 
with drugs a smaller increase in oxygen uptake was obtained in the previously 
denervated gland than in the normal gland. 

These results were unexpected, since it is known from experiments in vivo 
that denervation is followed by an increased sensitivity to the secretory effect 
of drugs. If this were true also for isolated cells in vitro a greater secretory 
effect should be accompanied by a smaller increase in oxygen consumption 
in the denervated as compared with the normally innervated gland. The 
present experiments were carried out in order to get information on oxygen 
consumption in relation to the amount of saliva produced in the denervated 
and normal submaxillary gland. 

Some experiments on the effect of atropine on the gaseous metabolism are 


also reported. 


METHODS 

The experiments were performed on cats under chloralose anaesthesia (80 mg/kg) after prelimi- 
nary ether. Glass cannulae with a section of rubber tubing attached were introduced into the 
submaxillary ducts. The same pair of cannulae was used throughout the investigation. These 
cannulae gave 37 drops from 1 ml. of distilled water. The veins draining into the external jugular 
vein, except those coming from the submaxillary gland, were tied and a polyethylene cannula was 
introduced into the external jugular vein. Usually some small veins draining the gland into chan - 
nels other than the external jugular vein were also tied to ensure complete collection of the blood 
emerging from the gland. Heparin was used to prevent clotting. A cannula was introduced into 
the femoral artery, from which arterial blood was drawn. 

Section of the chorda tympani was made under ether anaesthesia 4 weeks before the actual 
experiment, i.e. it could be expected that the supersensitivity caused by the denervation was 
fully developed. 
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Secretion from the glands was evoked by stimulation of nerves or by drugs. Electrical stimuli 
were applied to the peripheral end of the acutely cut chorda-lingual or sympathetic nerve in the 
neck. Supramaximal intensity was always used and, when not otherwise stated, 20 shocks/sec 
were applied. The drugs were given by vein or, in the case of pilocarpine, via the secretory ducts. 
The injections into the duct were made according to the method of Emmelin, Muren & Strémblad 
(1954); the rubber connexion of the cannula was occluded by a clip, the drug, dissolved in 0-1 ml. 
of saline solution, was injected during 5 sec and after another 5 sec the clip was removed. 

The blood emerging from the cannula in the external jugular vein was collected under paraffin 
in a graduated cylinder. The volume and time of collection were noted. During each, or every 
second, sampling of venous blood, arterial blood was drawn from the femoral artery into a paraffined 
syringe and stored under paraffin. 4 ml. of blood was collected to ensure sufficient for duplicate 
estimations of gas content. The sampling time, when the gland was in the resting state, was 
10-20 min. Various schemes were used for sampling the outflow from the stimulated gland, and 
these are discussed in connexion with the appropriate experiments. 

The contents of CO, and O, in the arterial and venous blood were measured by the manometric 
van Slyke method (Peters & van Slyke, 1932) using 1 ml. of blood. 

Calculations. In the resting state the volume of arterial blood entering the gland per unit of 
time was assumed to be the same as the volume of blood leaving the gland. The error introduced 
by not taking into account the lymph flow was considered minimal, since the lymph flow in the 
resting gland is less than 1 % and in the secreting gland about 1 % of the blood flow (Barcroft, 1900). 
The flow of saliva can, however, amount to 10% of the venous outflow (Barcroft, 1900), and there- 
fore when saliva was flowing the volume of arterial blood entering the gland was expressed as the 
sum of the amount of venous blood and the amount of saliva. The latter was estimated by counting 
the number of drops falling from the salivary duct cannula. 

The amount of O, in physical solution in saliva was found to be so small that it could be dis- 
regarded. As to CO,, the amount of this gas in saliva cannot be disregarded; the difficulties in 
obtaining representative samples of small volumes of saliva made it necessary to abstain from 
estimations of CO, metabolism in the secreting gland. 


RESULTS 
Oxygen consumption at rest 

The resting oxygen consumption was determined in thirty normal submaxillary 
glands. The mean value was 2-15 + 0-139 ml. 0,/hr/gland = 1-76 + 0-086 ml. O,/ 
hr/g tissue. The mean oxygen consumption of denervated glands in twelve 
animals was 0-96 + 0-084 ml./hr/gland = 1-16 + 0-081 ml./hr/g tissue. In each of 
seven cases when the oxygen consumption was determined for the normal and 
the contralateral, previously denervated, gland in the same animal, the figure 
for the normal gland was higher. It is thus obvious that denervation caused a 
decreased oxygen consumption by the tissue of the order of 30° when calcu- 
lated from the oxygen consumption per gram (see above); calculated per gland 
the figure for oxygen consumption is about 50% lower, the difference being due 
to the fact that the gland loses weight after denervation. 

The respiratory quotient (z.Q.) did not seem to be influenced by the denerva- 
tion. The value obtained in the series of normal glands was 0-92 +0-040 
(n= 30) and in the denervated glands 0-93 + 0-061 (m=12). These figures arc 


very similar to that (0-91) reported by Barcroft (1901) for the sis submaxi'- 
lary gland. 
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Oxygen uptake during secretion 

Oxygen uptake per volume of saliva in normal glands. Barcroft & Piper (1912) 
found that the period of increased oxygen consumption accompanying 
secretory activity outlasted the secretory response, and they also suggested 
that the duration of the secretion influenced the duration of the period of 
increased oxygen consumption after the flow had ceased. 

In order to estimate the excess oxygen uptake during secretion, it is thus 
necessary to collect blood not only during the period of flow of saliva but also 
for a period after the secretion has stopped. In the present experiments a 
secretion of about 10 drops of saliva was induced. It was found in several 
animals that 5 min after the secretion had ceased, whether it was induced by 
stimulation of the chorda tympani or the sympathetic or by injection of 
acetylcholine, the oxygen consumption of the gland had returned to the 
resting value. 

The number of drops falling from the cannulae was found to be a satis- 
factory index of the volume of saliva secreted. No difference in volume was 
found between drops caused by different types of stimulation. Nor was any 
difference found for the different secretory rates elicited in the experiments. 
The oxygen consumption per drop of saliva produced was lower for saliva 
obtained by stimulation of the sympathetic than for saliva obtained by stimu- 
lation of the chorda or by injection of acetylcholine (Table 1). The mean 
value for ‘chorda saliva’ was 16-9 yl./drop, for ‘acetylcholine saliva’ 15-5 pl./ 
drop and for ‘sympathetic saliva’ 11-6 ul./drop. Comparisons between the 
values for ‘chorda saliva’ and ‘sympathetic saliva’ obtained in the same gland 
always showed a higher value for the ‘chorda saliva’ (six cases). Similarly, 
direct comparison in two cases between ‘acetylcholine saliva’ and ‘sympa- 
thetic saliva’ in the same gland showed a difference. No difference in O, uptake 
was noted between ‘chorda saliva’ and ‘acetylcholine saliva’. 

Since stimulation of the sympathetic generally causes a lower rate of secre- 
tion than stimulation of the chorda, it could be suggested that the difference 
in oxygen uptake of the two types of saliva was due to different secretory 
rates. The effect of changing the secretory rate was tested in four experiments 
by varying the frequency of the stimulus applied to the chorda tympani, 2, 5 
and 20 impulses/sec being used. No consistent difference was found. The 
following experiment may be quoted as an example: 2 impulses/sec for 2 min 
gave 9 drops, 5 impulses/sec for 40 sec gave 10 drops and 20 impulses/sec for 
15 sec gave 14 drops. The oxygen consumption per drop of saliva was, for 2, 5 
and 20 shocks/sec, 20-5, 20-6 and 20-5 yl., respectively. 

Oxygen wptake per volume of saliva in denervated glands. Table 1 also shows 
the results obtained when the oxygen uptake during secretion was determined 
in previously denervated glands. The experiments were carried out as 
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described for normal glands. Control experiments showed that in denerva 

glands also the increased oxygen consumption after stimulation that gave 
about 10 drops was completed within 5 min after the secretion had stopped. 
The mean values for ‘sympathetic saliva’ (8-0 pl./drop) and for ‘acetylcho- 
line saliva’ (9-1 l./drop) were lower than the corresponding values for normal 
glands. For obvious reasons the value for ‘chorda saliva’ could not be 
obtained. Where a direct comparison between a normal gland and its con- 
tralateral denervated gland was made, the corresponding value for the de- 
nervated gland was lower. The volume of the drops was the same for the nor- 
mal as for the denervated gland. It is thus inferred that the oxygen uptake per 
volume of saliva is less in the denervated gland than in the normal gland. 


Taste 1. Oxygen uptake (ul.) per drop of saliva formed by stimulation of the chorda tympani or 
the sympathetic nerve or by injection of acetylcholine; about 10 drops secreted. Blood 
sampling continued 10 min after cessation of secretion 


Type of stimulation 

Cat Normal Normal Denervated Normal Denervated 
no. gland gland gland gland gland 
510 20-0 13-6 — — wigs 
13-2 9-4 ants 
442 15-3 10-7 
425 17-5 71 — 
341 14-5 8-3 — 
577 ane 55 9-0 
580 — — 7-7 — 10-2 
594 — 8-7 
596 18-1 — 
634 — 110 9-0 148 9-0 
590 — 15-8 8-9 18-1 12-2 
630 14-6 — ait 
576 13-6 6-4 
Means 16-9 1146 8-0 15-5 >1 


Mazimal oxygen uptake in normal and denervated glands. In four cats, each 
with one gland denervated, the oxygen consumption was measured when the 
glands were made to secrete at their maximal rates by injections of pilocarpine. 
Pilocarpine 20 ug was given to both glands via the salivary ducts. (In two 
cats the intravenous route of administration (1 mg of pilocarpine) was tried 
but abandoned, since the arterial oxygen content was found to vary consider- 
ably in blood samples drawn subsequently ; this was probably due to bronghial 
secretion. ) 

The collection of blood started 1 min after the injection, when a steady 
state could be expected. The sampling of blood was made during 1-3 min in 
which period the secretory rate did not decline. The results of the experi- 
ments can be seen in Table 2. The relative increase after injection of pilo- 
carpine was less for the denervated glands than for the normal, though the 
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difference was not great. The increase reckoned in yl. was, however, much less 
in the denervated glands since the resting values were considerably lower. 
The maximal rate of secretion was less for the denervated glands, the decrease 
being roughly proportional to the decrease in weight. This smaller maximal 
rate in the denervated glands did not, however, fully balance the reduced 
increase in oxygen consumption, and calculations of the oxygen uptake per 
drop of saliva accordingly showed a lower value for the denervated glands 
than for the normal glands. 


Taste 2. Comparison between the effect of pilocarpine (20 ug via the salivary duct) on the 
normal and previously denervated gland secreting at a steady, maximal rate 
Factor 
increase 


Oxygen consumed 
(1. /min/gland) in oxygen 


Cat no. gland (g) rest min (ul. /drop) 
Normal gland 
635 100 20-4 102-0 5-0 33/3 7-4 
614 1-21 33-0 215-0 6-5 65/3 8-3 
574 1-38 34-4 204-0 6-0 59/3 8-6 
589 1-05 35-1 285-0 8-1 30/1 8-3 
Denervated gland 
635 0-73 12-4 53-0 4-3 26/3 47 
614 0-90 18-3 76-0 4-2 36/3 4-8 
574 1-06 20-6 119-0 5-8 42/3 7-0 
589 0-63 9-2 60-0 6-6 15/1 3-4 


The oxygen uptake per volume of saliva was, as reported above, independent 
of the secretory rate when only a few drops were evoked and the increased 


- oxygen consumption in the period following the secretion was taken into 


account. However, in the experiments with pilocarpine just described the 
oxygen uptake per drop of saliva was determined in the steady state. There 
was a difference between the normal and denervated glands in oxygen uptake 
per drop secreted and there was also a difference in the secretory rate. If, on 
stimulation, the increase in oxygen uptake did not parallel the increase in 
secretion, the results obtained could possibly be explained by different secre- 
tory rates. To test this, three experiments were made with stimulation of the 
chorda tympani at different frequencies, giving different secretory rates. In 
two cats the frequencies were 2, 5 and 20 shocks/sec and in the third (very 
sensitive) cat 0-2, 1 and 20 shocks/sec. Blood was collected during stimula- 
tion, starting 1 min after the secretion had begun and the number of drops per 
minute counted. The resting oxygen consumption was also determined. The 
increase in oxygen consumption was plotted against the secretory rate (Fig. 1). 
It can be seen that with increasing secretory rate oxygen consumption increases, 
but not linearly. The increase per drop of saliva is greater at small secretory 
rates. In other words, during a steady state the oxygen uptake per drop of 
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saliva is less at high secretory rates. The difference found in the experiments 
with pilocarpine could thus not be due to the difference in the secretory rate, 
which should have the opposite effect. 


@ 


wa 


Factor increase in O2 consumption 


Drops/min 
Fig. 1. Increase in oxygen consumption expressed as a multiple of resting value plotted against 
the secretory rate. The variations in secretory rate were obtained by varying the frequency of 
the stimulus and the oxygen consumption estimated in the steady state. 


Tasxe 3. Increase in blood flow and oxygen consumption on stimulation of the chorda tympani 


Factor 

increase in Factor 

blood flow increase 

oe in oxygen 2 

Cat no. saliva) consumption (yl./drop) 

488 12-8 53 9-1 
479 5-6 4-0 8-3 
331 73 3-9 11-5 
464 3-9 
468 41 3-7 9-6 
602 9-8 6-3 5-9 
611 6-2 5-2 8-4 
596 6-0 5-5 8-7 
650 8-0 79 9-5 
Means 8-3 5-08 7-2 


The maximal increase in oxygen uptake obtainable in the normal gland was 
also estimated by measuring the oxygen consumption during stimulation of 
the chorda tympani and comparing the values obtained with the resting values. 
The blood was sampled not earlier than 1 min after the stimulus was applied. 
The outcome of these experiments is shown in Table 3 where the figures for 
oxygen uptake per drop of saliva produced are also given. The mean value of 
these figures is only half of that for ‘chorda saliva’ (Table 1). 

The magnitude of oxygen debt in the normal gland after stimulation of ‘he 
chorda tympani. As mentioned earlier, the submaxillary gland can contract 
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an oxygen debt. To gain an impression of the magnitude of this oxygen debt 
the chorda tympani was stimulated continuously for 5 min in each of three 
animals. Blood was sampled for 15 min commencing immediately after the 
stimulation was discontinued. Subsequently, the blood was collected for 
another 15 min period. The oxygen consumption during this last period was 
the same as during a control period before the stimulation, i.e. the increased 
oxygen consumption caused by the stimulation was completed during the 
first 15 min following the stimulation. In one case the collection after stimula- 
tion was divided into three sampling periods each of 5 min. Even the value 
for the last of these samples showed a slightly increased oxygen consumption; 
that is, the gland had not returned to the resting state 10 min after a stimula- 
tion of 5 min duration. 

The magnitude of the oxygen debt was calculated from the oxygen con- 
sumption in excess of the resting value for the 15 min period following stimu- 
lation. The values obtained were 165, 222 and 284 yl. in glands weighing 
0:86, 1-44 and 1-23 g, respectively. 

On stimulation of the chorda the oxygen uptake per drop in the steady 
state is about 8 yl. (Table 3) while about 17 yl. (Table 1) is taken up for each 
drop when the gland is secreting a small amount; a difference of 9 yl./drop 
that should be furnished from the oxygen debt. The oxygen debt amounts to 
some 250 yl., so less than 30 drops could be produced at a cost of 17 yl./drop. 
The average gland secretes this amount in less than 1-5 min and continues 
secreting for a much longer time at this rate. These calculations lead to the 
conclusion that in the course of secretion the oxygen uptake per volume of 
saliva secreted must diminish. 

Experiments with atropine 

Barcroft (1914) reported experiments on cats and dogs which showed an 
increased oxygen consumption of the submaxillary gland on stimulation of 
the chorda tympani after administration of a dose of atropine that completely 
abolished the secretion. Earlier experiments by Barcroft (1901) on dogs had 
indicated that no increased oxygen consumption was caused in these circum- 
stances, whereas the output of CO, increased. 

In seven cats of the present series the effect of stimulation of the chorda 
tympani on oxygen consumption and CO, output after injection of atropine 
was estimated. Atropine 0-25 mg was given intravenously and the secretory 
effect of stimulation of the chorda tympani was tested. If no secretion was 
obtained no further atropine was given. In only one cat a slight secretion was 
obtained, but after the injection of another 0-25 mg of atropine stimulation of 
the chorda tympani produced no secretion. The resting oxygen uptake was 
determined (not earlier than 15 min after the last stimulation). The chorda 
was then stimulated and 1 min later blood was sampled during stimulation. 
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Although stimulation did not cause any secretion, an increase in oxygen 
consumption was found (Table 4). It was also found that the increase in blood 
flow caused by the stimulation was just as great as in another, not atropinized, 
group (Table 3). Under atropine the output of CO, was increased consider- 
ably during stimulation of the gland. While the average of the oxygen con- 
sumption for the seven animals increased to 1-84 times the resting value, the 
average of the CO, output increased to 4-46 times. The mean R.Q. during 
stimulation was 2-57. Several explanations may be offered for this result. The 
most simple (and likely) seems to be that the increased flow of blood washed 
out CO, from the gland. This possibility could be tested by increasing the flow 


Taswz 4. Increase in blood flow, oxygen consumption and CO, output on stimulation of the chorda 
tympani after atropine (steady state). The x.Q. values during stimulation are also shown 


Factor Factor Factor 

increase increase 

in blood in oxygen in R.Q. during 

Cat no. flow consumption output stimulation 

342 ll-l 2-0 5-6 2-8 
470 8-0 3-4 6-3 20 
472 18-2 2-0 5°5 2-8 
447 57 1-9 3-4 1-8 
444 78 1-1 3-0 2-7 
428 16-5 1-2 4-5 3-7 
445 13 2-9 2-2 
Means 10-6 1-84 4-46 2°57 


by vasodilators devoid of secretory effect. According to Barcroft & Miiller 
(1912) yohimbin injected intra-arterially towards the gland will increase the 
flow considerably without causing secretion. This drug or aminophylline was 
injected intra-arterially towards the gland, but the experiments were un- 
successful in so far as the blood flow was not increased to a magnitude com- 
parable to that obtained on stimulation of the chorda. Therefore, no conclu- 
sion concerning the role of the increased blood flow in causing the extreme 
R.Q. could be drawn from these experiments. 

No positive correlation (Fig. 2) was found between the increase in oxygen 
consumption and the increase in blood flow in the animals given atropine. A 
positive correlation (Fig. 3) was, however, obtained between the increased 
CO, output and the increase in blood flow. A much higher positive correla- 
tion was found between the increase in blood flow and the values obtained when 
the increase in oxygen consumption was subtracted from the increase in CO, 
output (Fig. 4); that is, between blood flow and the CO, in excess of a R.Q. of 
1-0. This latter correlation supports the suggestion put forward above for the 
cause of the excessive CO, output. 

The resting oxygen consumption after atropine treatment for seven glands 
was 1-69 ml./hr/g. The figure is close to that for normal glands (1-76) and thus 
atropine does not appear to depress the resting oxygen consumption. The 
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R.Q. in the resting state after atropine was 1-10 + 0-084. The difference from 
the z.Q. in the series of normal glands (0-92 + 0-040) is not significant. 
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Fig. 2. Increase in blood flow plotted against increase in oxygen consumption on stimula- 
tion of the chorda tympani after treatment with atropine; values obtained in the steady 
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Fig. 3. Increase in blood flow plotted against increase in CO, output on stimulation of the chorda 
tympani after treatment with atropine; values obtained in the steady state. 

Fig. 4. Increase in blood flow plotted against increase in CO, output minus increase in O, con- 
sumption on stimulation of the chorda tympani after treatment with atropine; values obtained 
in the steady state. 

DISCUSSION 


The observation (Strémblad, 1957) that in vitro the resting oxygen consump- 
tion in the submaxillary gland is less after previous section of the chorda 
tympani is confirmed in the present studies. The resting oxygen consumption 
in vivo was less than in vitro. The difference between the normal glands in the 
two series was small and not significant, while the difference for denervated 
glands was greater and significant (P<0-01). The two series of glands were 
comparable and it must therefore be concluded that the conditions in vitro 
stimulated the denervated gland. | 

In the experiments in vitro the addition of secretory drugs caused a smaller 
increase in the oxygen consumption of the denervated than of the normal 
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gland. This finding is in agreement with the present finding im vivo, but the 
difference in vitro was more pronounced, probably because the gland in vitro 
did not start from a true resting value, as discussed above. 

It has been shown for various structures that section of the efferent nerves 
can cause a decrease in the activity of enzymic systems supposed to be con- 
cerned in the destruction of transmitter substances (see Burn, 1956). The 
increased sensitivity after denervation has been attributed to such changes. 
The decreased oxygen consumption during rest and the smaller increase 
obtainable in the denervated gland as compared with the normal could be 
interpreted as due to a decrease in the activity of respiratory enzymes, and 
thus the decrease in enzymes acting on transmitter agents could be part of a 
more general loss in enzymic activity after denervation. 

The present experiments showed that, when the gland was secreting a small 
volume, the oxygen uptake per drop of saliva was independent of the secretory 
rate, whereas at a steady state of secretion the oxygen uptake per volume was 
less the higher the secretory rate. These findings indicate that at the beginning 
of secretion the gland acquires an oxygen debt. The oxygen debt is, however, 
of such a magnitude, as determined in these experiments, that it should be 
used up in a short time. From then on, or possibly earlier, the oxygen con- 
sumption per volume of saliva produced must be different at different 
secretory rates. 

This calculation and the findings that the saliva produced by sympathetic 
stimulation, saliva produced by stimulation of the chorda and saliva from 


denervated glands require different amounts of oxygen per volume of saliva 


show that the oxygen consumption is not dependent entirely on the amount of 
secretion. The differences are of such magnitudes that it is hardly conceivable 
that they could be compensated by differences in R.Q. or by anaerobic 
metabolism. 

It is known that the composition of saliva is different when secreted at 
different rates and that the composition of ‘chorda saliva’ is different from 
that of ‘sympathetic saliva’ (Babkin, 1950). 

The experiments with atropine confirm the finding by Barcroft (1914) that 
even though there is no secretion, stimulation of the chorda tympani in atropi- 
nized animals causes an increased oxygen consumption. Similarly, in these 
conditions, as found earlier by Barcroft (1901), the output of CO, increased. 
This increase was considerably greater than the increase in oxygen consump- 
tion. The experiments indicate that this excess CO, output is correlated with 
the increased blood flow through the gland. There is no reason to assume that 
the excess CO, output is the cause of the vasodilatation. It appears more 


reasonable to suggest that the vasodilatation causes a washing out of CO, 
from the gland. 
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SUMMARY 


1. In the resting state the oxygen consumption was less in the denervated 
than in the normal submaxillary gland. 


2. On stimulation with pilocarpine the maximal increase obtainable was 
jess in the denervated than in the normal gland. 


3. On stimulation of the sympathetic the oxygen uptake per volume of 
saliva was less than on stimulation of the chorda tympani. 
4. The gland can acquire an oxygen debt. 


5. The oxygen uptake per volume of saliva was independent of the secre- 
_ tory rate if a small volume was evoked and the increased uptake following the 
secretion was taken into account. 


6. The oxygen uptake per volume of saliva during continuous stimulation 
was less at high than at low rates of secretion. 


7. After a dose of atropine that completely abolished the secretory effect 


stimulation of the chorda tympani caused an increase in oxygen uptake and 
CO, output. 


This work was supported by a grant from the Swedish Medical Research Council. Technical 
assistance was given by Miss Asta Hector. 
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RESTORATION BY BARIUM OF ACTION POTENTIALS IN 
SODIUM-DEPRIVED MAMMALIAN B AND C FIBRES 


By P. GREENGARD* anp R. W. STRAUBT 


From the National Institute for Medical Research, Mill Hil, 
London, N.W. 7 


(Received 17 September 1958) 


It is known that in vertebrate myelinated nerve fibres, belonging to the A 
group of Erlanger & Gasser (1937), sodium ions cannot be replaced by barium 
ions for impulse conduction (Feng & Liu, 1949). In the present experiments 
this blocking action of barium in A fibres was confirmed ; however, in B and C 
fibres large propagated action potentials were obtained when the fibres were 
bathed in a fluid containing only barium chloride. This effect of barium chloride 
solution resembles that of a solution in which the sodium ions are replaced by 
certain quaternary ammonium salts, since Lorente de Né (1949) found that 
these salts restore impulse conduction in B and C fibres, but not in A fibres. 

An effect of barium ions similar to that observed in vertebrate B and C 
has previously been found in crustacean muscle fibres by Fatt & Ginsborg 
(1958): they described propagated responses in fibres immersed in solutions 
containing barium chloride only. Strontium had the same effect as barium, 
whereas in calcium chloride solution non-propagated responses only occurred. 

In the present experiments we have examined in A, B and C fibres the effect 
of isotonic solutions of magnesium, calcium, strontium and barium chloride 
on nerve conduction. In addition the effects of cadmium and mercury chloride 
solutions were examined, because these cations, by their position in the 
periodic system, are related to barium. 


METHODS 


The methods were similar to those used by Ritchie & Straub (1957). For B and C fibres small 
desheathed bundles were obtained from the cervical sympathetic trunk of rabbits anaesthetized 
with urethane (1-6 g/kg). For A fibres bundles were obtained from the frog’s tibial nerve. The 


preparations were examined in the sucrose-gap apparatus which has been described in detail 
elsewhere (Straub, 1956). 


* Public Health Service Research Fellow of the National Institute of Neurological Diseases 
and Blindness, U.S.A. 
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The Locke’s solution used for the mammalian preparations contained : (mm) NaCl 154, KCl 5-6, 
CaCl, 2-2, NaHCO, 1-9, glucose 5. The Ringer's solution used for the frog preparations contained: 
(mm) NaCl 119, KCl 1-9, CaCl, 1-1, NaHOO, 2-2. The concentrations of the isotonic solutions of 
MgCl,, CaOl,, SrCl,, BaCl,, CdCl, or HgCl, were 116 mm for the mammalian, and 80 mm for the 
frog preparations. The MgCl,, CaCl, and SrCl, solutions were made up from stock solutions in 
which the chloride concentration had been determined by titration; the BaCl,, CdCl, and HgCl, 
solutions were made up from anhydrous (A.R.) salts. 

The preparations were stimulated with single shocks every 30 sec, and after an initial period of 
5 min the Locke’s solution was replaced by the isotonic solutions of the divalent ions to be 


RESULTS 
Experiments on B and C fibres 
Magnesium, calcium, strontium and barium chlorides. When the nerve fibres 
were stimulated every 30 sec for 5 min in the Locke’s solution the shape and 
size of the action potentials remained constant. On replacement of the Locke’s 
solution by an isotonic solution of magnesium, calcium or strontium chloride 


Fig. 1. Action potentials from a desheathed bundle from the rabbit's cervical sympathetic trunk. 
Left column: in Locke’s solution. Middle column: 4 min after the Locke’s solution had been 
replaced by isotonic solutions of magnesium, calcium, strontium and barium, as indicated. 
Right column: 5 min after return to Locke’s solution. All records from the same preparation. 
The sequence of application was: barium, calcium, strontium, magnesium. Between each test 
solution and the next the preparation was left in Locke's solution for 10 min. Temp. 21-5° C, 


the action potential disappeared. On the other hand, when the Locke’s 
solution was replaced by an isotonic solution of barium chloride the action — 
potential was greatly increased in amplitude and duration. This difference in 
the action of these earth-alkali ions is illustrated in Fig. 1. 

When changing over from Locke’s solution to. isotonic magnesium or cal- 
cium chloride the action potential disappeared within 5 min or less. This 


examined whilst stimulation was continued. | | 
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finding suggests that within this period most of the sodium ions were removed 
from the extra-cellular fluid around the excitable membrane. When the 
magnesium or calcium solution was again replaced by Locke’s solution the 
action potential was restored and reached its initial size and shape within 
4 min. 

On substituting isotonic strontium chloride solution for the Locke’s solution 
the disappearance of the action potential was preceded by a period of increased 
and prolonged action potentials. This prolongation applies certainly to the 
action potentials of B and probably also of C fibres, as is illustrated in Fig. 2. 
In this figure the top records were obtained when only B fibres were stimulated, 
whereas the bottom records were obtained when a stimulus of longer duration 
was used which stimulated both B and C fibres. The left-hand tracings were 
recorded when the preparation was kept in Locke’s solution; the tracings of 
the middle column were obtained 2 min after application of the strontium 
solution, when the size of the B potential was greatly increased (top record) 
and when a similar, though smaller, enhancement was observed for the C 
elevation. This is shown in the bottom record in which the peak of the action 
potential corresponds to the C elevation, whereas the B potential is just 
visible as a small discontinuity in the rising phase of the C potential. At a 
later stage, e.g. 4 min after the change to the strontium solution, the size 
of the responses from both B and C fibres decreased (right-hand tracings). 
No such initial increase in the height of the action potentials was observed 
when the preparations were treated with the magnesium or calcium 
solution. 

The effect of barium is illustrated in Figs. 3 and 4. Fig. 3 shows the gradual 
increase in height and duration of the recorded action potential within the 
first 5 min after replacing Locke’s solution by isotonic barium chloride solution. 
The record a shows the B and C elevations of the compound action potential 
with the preparation in Locke’s solution; records 6 and c were taken 1 and 2 
min after changing to the barium solution and show a long-lasting after- 
potential which follows an increased spike potential. At this time there was 
probably still some sodium in the extracellular space. Record d was taken 
3 min after record c, when the full change produced by the barium ions was 
obtained. A single stimulus now generated an action potential with an amplitude 
nearly three times as great and a duration more than 100 times longer than that 


seen in record a. When the preparation was left in the barium solution this 
increased size and duration of the action potential was maintained. This was the 
case for instance in the experiment of Fig. 3 in which the preparation was kept 
in the barium solution for 20 min. By this time the sodium ions must certainly 
have been completely removed from the extracellular space. The effect of 
barium chloride was reversible, but recovery was slow; it took about 30 min 
after changing back to the Locke’s solution for the duration of the action 
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100 msec 


100 msec 
Fig. 2. Action potentials in B fibres (upper records) and in B and C fibres (lower records) of a 
desheathed bundle from the rabbit’s cervical sympathetic trunk. Left records: in Locke’s 
solution, Middle and right records: 2 and 4 min respectively after changing to isotonic 
strontium chloride solution. Lower records were taken during a second application of the 
21-0° C. 
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Fig. 3. Action potentials in B and C fibres of a desheathed bundle from the rabbit’s cervical 


sympathetic trunk, a in Locke’s solution b, ¢ and d after changing into isotonic barium 
chloride solution; 6 after 1 min, c after 2 min and d after 5 min. For record d amplification 
was halved and the sweep speed decreased about 17 times. Temp. 21° C. 
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Fig. 4. Action potentials in B fibres (upper records) and in B and C fibres (lower records) of a 
desheathed bundle from the rabbit’s cervical sympathetic trunk. Left records: in Locke’s 
solution. Right records: 10 min after changing to isotonic barium chloride solution. Both 


right records taken with slower sweep speed and the lower with half the amplification. 
Temp. 21-5° C. 
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potential to decrease to its initial value; by this time the amplitude of the action 
potential was somewhat smaller than before the barium treatment. 

Fig. 4 illustrates that both B and C fibres developed the long-lasting action 
potentials in the barium solution. The top records show action potentials from 
B fibres alone, and the bottom records from B and C fibres. Again, the left- 
hand tracings are action potentials obtained in Locke’s solution and the right- 
hand tracings are action potentials 10 min after the change to the barium 
solution and recorded at a slower sweep speed. From the right-hand top 
tracing it is evident that B fibres produced a large, long-lasting action potential 
in barium solution, and the record underneath suggests that an important 
action potential was also developed by C fibres; for the area of the compound 
action potential in this tracing, which was recorded with half the amplification 
of the other records, is much larger than the response of B fibres alone. 
Comparison between the bottom tracings shows, however, that the contri- 
bution of C fibres to the compound action potential was reduced by the change 
to the barium solution, and suggests that in C fibres the barium effect was not 
quite as large as in B fibres. 

The large increase in the duration of the compound action potential in the 
. barium solution reflects an increase in spike duration of the individual fibres. 
It cannot be concluded, however, from the increase in height of the compound 
action potential that there is also an increase in the amplitude of the action 
potential of the individual fibres. Gasser (1950) has shown that the height of 
a compound action potential depends on both the unit spike height, and, 
because of temporal dispersion between the individual spikes, on the unit 
spike duration. The increased height of the action potential in barium solution 
could, in fact, be entirely the result of an increased duration of the individual 
action potentials. 

Cadmium and mercury chlorides. In the isotonic solution of cadmium chloride 
the action potential was reversibly abolished as in the magnesium or calcium 
solution. In the isotonic mercury chloride solution irreversible block occurred. 


Experiments on A fibres 
The action potential from A fibres from the tibial nerve of the frog was 
reversibly abolished in about 5 min when preparations were.bathed in isotonic 
solutions of either magnesium, calcium, strontium or barium chloride. The 


blocking of impulse conduction in A fibres by isotonic barium chloride solution 
has also been observed by Feng & Liu (1949). 


DISCUSSION 
The finding that when nerve fibres are bathed in isotonic barium chloride 
solution action potentials can only be obtained from B and C fibres, but not 
from A fibres, supports the division which Lorente de Né (1949) made between 
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these types of fibres. From the present results on B and C fibres it is evident 
that barium ions have a dual action: they restore the action potential when 
replacing sodium ions and they greatly increase its duration. The restoration 
of conduction in B and C fibres can be explained on the assumption that 
barium ions carry the inward current during the action potential. However, 
until experiments have been carried out in which the entry of barium into 
fibres during activity has actually been demonstrated we cannot be certain 
whether the barium ions themselves are responsible for the inward current 
during the action potential in the barium solution. So far, the evidence for this 
assumption rests on results obtained in nerve fibres with another divalent 
cation, calcium, and on results obtained in crustacean muscle fibres with 
strontium and barium. In giant nerve fibres, kept in sea water, Hodgkin & 
Keynes (1957) found that a small amount of calcium (0-006 pmole/cm?) enters 
the axon during an impulse, together with the much larger amount of sodium 
(4 pmole/cm*) and that the quantity of calcium ions which enters the axon is 
proportional to the calcium concentration around the fibre. From the finding 
that during the intermittent depolarization produced by a train of impulses 
there is more entry of calcium than during a sustained potassium depolariza- 
tion they concluded that calcium ions enter the fibre through the same channels 
as sodium ions. Fatt & Ginsborg (1958) showed that in crayfish muscle fibres 
kept in strontium or barium solution the amplitude of the action potential 
depends on the strontium and barium concentration, and they calculated that 
an influx of strontium or barium ions could account for the observed action 
potentials. The barium action potentials in B and C fibres may be explained in 
the same way. 

The great prolongation of the action potential in B and C fibres in barium 
solution and during the initial stage of application of strontium solution shows 
that these ions interfere with the permeability changes during the spike. 
Barium and strontium produce a similar action in crustacean muscle fibres, 
where the repolarization phase of the action potential is prolonged, particularly 
by barium and to a smaller extent by strontium. In terms of the permeability 
changes described by Hodgkin & Huxley (1952) the delayed repolarization in 
strontium and barium solution could be caused by reduction in the rate of 
inactivation of the sodium-carrying system. In favour of this view is the 
finding by Frankenhaeuser & Hodgkin (1957) that the rate of inactivation is 
affected by divalent cations. They showed that with increasing calcium or 
magnesium concentration the rate of inactivation is lowered for a given 
potential difference across the membrane, calcium being about twice as effective 
as magnesium. If this effect were to increase as the atomic number of the earth- 
alkali group increases in the periodic system—and this is suggested from the 
results obtained with magnesium and calcium—a larger effect on the duration 
of the action potential would be expected in strontium and particularly in 
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barium solution. Thus the long duration of the action potential found in the 
B and C fibres immersed in the solutions containing barium and strontium ions 
is explicable on these lines. 

Barium exerts an excitatory effect not only in B and C fibres in nerves and 
in striated muscle fibres of crustacea but also in autonomic ganglia (Ambache, 
1949; Feldberg, 1951). It is possible that this effect also results from an action 
on the sodium carrying system. 


SUMMARY 


1. Impulse conduction in A, B and C fibres bathed in isotonic solutions of 
-MgCl,, CaCl,, SrCl,, BaCl,, CdCl, and HgCl, was studied with the sucrose-gap 
technique. 

2. In sodium-free isotonic solutions of MgCl,, CaCl,, CdCl, and HgCl, block 
of impulse conduction was obtained in A, B and C fibres. The block produced 
by MgCl,, CaCl, and CdCl, was reversible. 

3. In sodium-free isotonic strontium chloride solution an initial prolonga- 
tion of the action potential followed by blocking of impulse conduction was 
obtained in B and C fibres; in A fibres only the blocking action was observed. 

4. In sodium-free isotonic barium chloride solution prolonged action 
potentials of high amplitude were obtained in B and C fibres but impulse 
conduction was blocked in A fibres. 

5. It is suggested that the action potentials of the B and C fibres 


obtained in the barium chloride solution are caused by an influx of barium 
ions. 


We wish to thank Sir Charles Harington for hospitality and Dr W. Feldberg for encouragement 
and advice; we are also indebted to Drs P. Fatt and B. L. Ginsborg, who, on the basis of their then 
unpublished experiments on crayfish muscle, suggested that we should investigate the effect of 
strontium and barium in C fibres. 
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THE INHIBITORY ACTION OF £§-HYDROXY-y-AMINOBUTYRIC 
ACID UPON THE SEIZURE FOLLOWING STIMULATION 
OF THE MOTOR CORTEX OF THE DOG 


By TAKASHI HAYASHI 
From the Department of Physiology, Medical School Keio Unwersity, 
Tokio, Japan 


- (Received 19 September 1958) 


Several years ago Florey (1953, 1956a) reported the presence in the mammalian 
brain of a certain factor, namely Factor I, which inhibits the generation of 
impulses by stretch receptor neurones of the crayfish; following this there 
were reports on the action of Factor I on the nervous system of marine organ- 
isms (Florey 19565) and of mammals (Florey & McLennan, 1955, 1956). 

An assay procedure for Factor I was developed by Elliott & Florey (1956, 
1957) who noted that most of the Factor I present in the brain is held in an 
inactive form, from which it can be released by mild procedures. Basemore, 
Elliott & Florey (1956, 1957) purified it and obtained crystals which showed 
the highest activity yet obtained, and which were identified with y-amino- 
butyric acid (GABA). 

From a quite different angle, Hayashi has arrived at B-hydroxy-y-amino- 
butyric acid (GABOB), which has a stronger inhibitory action on mammalian 
motor activity than GABA; and Hayashi & Nagai (1956) reported this at the 
20th International Physiological Congress at Brussels. 

The presence of GABA in the brain was reported by Awapara Landua, 
Fuerst & Seale (1950), Roberts & Frankel (1950) and Udenfriend (1950), but 
we have not yet learned of any evidence for the presence of GABOB in the 
central nervous system in higher animals. In the present studies I have ob- 
tained at least one piece of evidence which shows that it can exist in dog’s 
brain. The effect of synthetic GABOB and GABA upon the generalized seizure 


following electrical as well as chemical stimulation of the motor cortex of dogs 
has been observed. 


METHODS 
The first experiment to determine the ammonia content of the brain was carried out on six rats 
each of 70-80 g weight. The animals were killed by decapitation and thrown into liquid air within 
1-2 sec. The brains were homogenized and were deproteinized with trichloroacetic acid. The clear 
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supernatant was used for the determination of free ammonia according to Conway’s micro- 
diffusion method (1950). Serine, threonine and GABOB were determined after the development 
by paper chromatography, the eluates being estimated according to Winnick’s (1942) micro- 
adaptation of the method of Shinn & Nicolet (1941); GABA was estimated by the method of 
Awapara et al. (1950), glutamic acid as well as aspartic acid by that of Yemm & Cocking (1955). 

The second experiment was carried out on six dogs which weighed 8-12kg. The fluid drained 
from the ventricular or cisternal spaces was collected from the dogs, and the content of free 
ammonia was measured by the method of Batam & iseees (5968). All experiments on dogs were 
gpa under anaesthesia by sodium N-methylcy yl-methyl-barbiturate (Ouropan- 

soda, Shionogi laboratories; 60-80 mg/kg intraperitoneally). This dose was repeated every 50 min 
until after the completion of exposure of the cerebral cortex when no further doses of anaesthetic 
were needed. 

The third experiment was carried out on twelve dogs weighing each 8-13 kg, to determine the 
inhibitory effect of GABOB on the seizure following electrical as well as chemical stimulation of 
the exposed motor cortex. Electrical stimulation was affected by an ordinary inductorium, 
faradization of an appropriate strength being applied to the motor cortex of the dogs with ordinary 
platinum electrodes. Chemical stimulation was carried out by the application of a coneentrated 
solution of sodium glutamate by ventricular injection. All the chemicals used were of a guaranteed 
grade of commercial origin and were used without further purification. 

y-Aminobutyric acid (GABA) was obtained commercially, as were serine and threonine. 
8-Hydroxy-y-aminobutyric acid (GABOB) was prepared by the method of Tomita (1923), at 
first as pL-GABOB and afterwards fractionated by the brucine method to yield L-GABOB. 


RESULTS 
Existence of GABOB in rats’ brains 
The free ammonia content of the specimens from rats’ brains was first mea- 


sured. The specimens were then treated with periodic acid and the content of 
the released ammonia was measured. As is shown in the first column of Table 1, 


TaBZz 1. The identification of GABOB in the normal rat’s brain with reference to the 
content of serine and glutamic acid 


Content of free ammonia of the whole brain of rat 


Before treatment After treatment 
with periodate with periodate Difference 
(umoles/g) (umoles/g) (umoles/g) 
0-37 1-54 1-17 
Content of GABOB and other amino acids in rat’s brain 
Mean + 8.p. Number of 
Amino acid (umoles/g) experiments 
Serine 0-29 + 0-06 (4) 
GABOB 0-48 + 0-02 (7) 
GABA 2-7240-92 (4) 
Glutamic acid 10-10+ 2-50 (4) 
Aspartic acid 3-56 + 1-30 (4) 


the difference between the above two measurements was 1-17 ~moles/g, 
which would be released from serine, threonine and GABOB if they were 
present. Besides these three, hydroxylysine must be referred to, but as this 
has been said to exist only in the collagen tissue (Rogers, Weidmann & Parkin- 


son, 1952), it may be disregarded. 
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The identification of GABOB was carried out as follows. First, serine, threo- 
nine, GABOB and GABA were developed by paper chromatography, and their 
positions on the paper determined. Secondly, the specimens of rats’ brains 
were developed by paper chromatography and each part of the paper cor- 
responding to the above four positions, sometimes with an indifferent one, was 
cut into blocks of the same size: the aqueous ethanolic extracts of these 
blocks were treated by periodic acid and the content of free ammonia released 
by each was ascertained. The results are shown in Table 1. 

The indifferent block, or the block with GABA, released a certain amount 
of ammonia and this was taken as a control value. The difference between the 
ammonia released from the block of serine and from the control was taken to 
be the content of serine in the rat’s brain, and it was 0-29 »moles/g. According 
to the same procedure the content of GABOB was 0-48 :pmoles/g. The content 
of glutamic acid and aspartic acid as well as of GABA is shown in the table. 


Concentration of GABOB in the drained saline solution after the cessation 

of salt discharge of the nerve cells 

A small metal syringe was inserted into a lateral ventricle of the dog and 
isotonic saline solution (NaCl 0-9°%) was administered into the ventricular 
spaces and then drained from the cerebellomedullary cisterna. As the cere- 
brospinal space of a dog is calculated to be 15-18 ml. (in a 10 kg dog), the 
first 50 ml. is enough to wash out most of the cerebrospinal fluid and to replace 
it with saline solution. Then the cerebrospinal space was certainly perfused 
with 200-250 ml. of the isotonic saline solution, into the ventricle and out 
from the cisterna, to be introduced again into the ventricle repeatedly. When 
the cerebrospinal fluid was replaced with saline, a generalized seizure was 
induced and continued. This was called a ‘salt discharge of nerve cells’ 
(SDNC) and it ceased on its own accord after about 4 hr (Hayashi, 1958). 
After it ceased, when the fluid was replaced by fresh saline solution the con- 
vulsions were set up again. 

The “salt discharge’ of the nerve cells could be stopped by adding a small 
quantity of Ca ion, but the solution drained from the brain did not contain 
more than one-twentieth of the concentration of calcium which was sufficient 
to inhibit the salt discharge. 

In the examination of drained fluid, its content of NH, was first measured 
and compared with the NH, released after the treatment by periodic acid. These 
substances were tested to determine whether they had an inhibitory effect 
upon the seizure. | 

The NH, content of the fluid was 1-47 umoles/ml. Next the fluid was 
treated with periodic acid and the released NH, was determined. It was 
2-11 zmoles/ml. The difference between these two measurements is 0-64 pmoles/ 
ml. The drained saline solution thus contained a certain substance which 
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released NH, on treatment with periodic acid. Its concentration was about 
0-0071 %, if it is estimated as GABOB. The replacement of the cerebrospinal 
fluid of a dog by an isotonic saline solution with 0-0071% of synthesized 
pt-GABOB confirmed that this substance prevented the salt discharge. 

Besides GABOB there would be also serine and threonine in the fluid, and 
a test was made to determine whether these acids could inhibit the seizure 
following electrical stimulation of the motor cortex, but neither of them had 
an inhibitory action. 3 


The blood-brain barrier in the case of a rapid injection of GABOB and 
GABA through the carotid artery, and the fluid—brain barrier $ in 
the case of ventricular injection } 
To determine the inhibitory action of the substances against a generalized 
seizure two methods were employed. One method was to introduce the sub- 
stance into the carotid artery at a rapid rate, or into the cerebrospinal space of 
a dog, during a seizure which was evoked by electrical or chemical stimula- 
tion. For chemical stimulation metrazol or sodium glutamate was used. When 
1-0 ml. of an appropriate concentration of one of these substances was intro- 
duced into the ventricles of a dog, a generalized seizure was. produced within 
13-20 sec, and continued for 60-180 sec. After the seizure began the test 
substances were introduced into the carotid artery. When the inhibitory 
action was sufficient, the seizure would cease. In this case the dose and con- 
centration were both to be calculated by the following equation. 
In the case of rapid injection into the carotid artery, C,, the critical con- 
centration to inhibit the seizure would be: 


Cox V 
%xQxh+V 
where Q=rate of flow (ml./sec) of blood in the carotid artery, 
C,=concentration of inhibitory substance, 
V =volume (ml.) of solution introduced in time ¢ (sec). 


Q is calculated from the total blood volume of a dog (9-8 % of its weight) and 
the circulation time, assumed to be 20 sec. The blood volume which flows 
into the brain through four arteries, the two carotids and the two vertebrals, 
is 15% of the total blood of the animal, but the vertebrals perfuse mainly the 
brain stem, and the carotids the cortex. 

The critical concentration of GABOB as well as that of GABA required to 
prevent a seizure was measured by the rapid introduction of the solution 
through a carotid artery. Both substances had a strong inhibitory action 
against a sodium glutamate seizure, as is shown in Table 2. As is also shown in 
Table 2, the ventricular administration of 1-0 ml. of 0-1 m sodium glutamate 
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was sufficient to produce a long continued seizure, and 1-0 ml, of 0-005 
GABOB abolished the seizure within 10-20 sec. As for GABA, the critical 
dosage was between 1-0 ml. of 0-1m and 1-0 ml. of 0-Olm. Judging by the 
latent periods for both substances to inhibit the seizure, the blood—brain 
barrier was not important. The critical concentration was 0-0006 m for GABOB 
0-0012m for GABA. 


Taste 2. Comparison of the critical concentration of GABOB and GABA to inhibit 
sodium glutamate seizure 


Cz ( 
Inhibitory agent injected into 
m 
Sodium glutamate carotid artery eqns. 2 and 3) 
in o.s.f. (1 ml.) Effect* (m) 
GABOB 1 ml. x0-0lm 0-0012 
GABOB 1 ml. x 0-005™ 0-0006 
1 ml. xO-1m 1 ml. x0-1m 0-012 
GABA 1 ml. x 0-0lm + 0-0012 


Comparison of the inhibitory action of GABOB and GABA when applied at the same time 


with convulsants via c.s.f. 
GABOB 1 ml. x 0-005m 0-00027 ~ 
ABOB i ml. x0-001u + 0-000078 
1 mi. x 0-2m GABA 1 ml. x0-lm 4 0-0027 ~ 
GABA 1 ml. x0-0lm + 0-00078 


* +Convulsion; -convulsion arrested or prevented. 


When the convulsant sodium glutamate was introduced into the ventricle 
of a dog, it produced a generalized seizure with a latent period of 15-30 sec. 
If GABOB or GABA was introduced with the sodium glutamate, it inhibited 
the seizure, as is shown in Table 2. 

In this case, the concentration of GABOB producing its inhibiting effect 
could be calculated as either: 


CxV 
CxV 
or (3) 
where C=conen. of substance introduced, 


V =volume introduced (ml.), 
C,=conen. when diluted by volume of c.s.f. (1-6 ml./kg body wt.), 
C,=conen. when diluted by volume of brain (6-4 ml./kg body wt.), 
W =weight of dog (kg). 


The critical concentration of GABOB to stop the seizure was 0-00027- 
0000078 m; for GABA it was 0-0027-0-00078 m. 
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Comparison of the inhibitory action of -GABOB and vi-GABOB 


The GABOB which was used in the above experiments was all of the racemic 
(pt) form. But recently t-GABOB has been separated, and a comparison 
was made between it and the pt form. 

Electrical stimulation was applied to the exposed motor cortex of a dog, 
and the strength tequired to produce a generalized seizure of maximal dura- 
tion was ascertained. For example, the threshold strength to evoke a seizure 
was 180 mm coil distance in the ordinary inductorium with 40 pulses/sec. The 
duration of the seizure became longer with increasing strength, and it reached 
a maximum of 60-150 sec, as shown in Table 3, at a coil distance of 110 mm. 


TaBiEz 3. The latent period to arrest by L-GABOB and pt-GABOB of seizure following 
electrical stimulation 
Maximum 
_ duration of the Concentration 


of 
seizure GABOB I ml. Latent Calculated concentration 
after faradiza- introduced for inhibi of t-GABOB and pt-GABOB 


tion for 5 sec into o.s.f. the seizure from eqns. 2 and 3 
(sec) (Mm) (sec) C,~C, (m) 
L-B-hydroxy-y-aminobutyric acid 
98 ' 0-084 20 0-0053 ~ 0-0013 
th 0-042 24 
130 0-01 25 | 
90 0-016 25 0-0010 ~ 0-00025 
67 0-008 
"5 0-008 25 0-00050 ~ 0-00013 
75 0-004 13 0-00025 ~ 0-000065 
110 0-004 40* 
70 0-0016 130t 
150 0-0016 145t 
pL-f-hydroxy-y-aminobutyric acid 
98 0-084 22 0-0053 ~ 0-0013 
55 25 0-0026 ~ 0-00065 
66 0-016 55* 
70 0-016 40* 


* Slight inhibition; ¢ no inhibition. 


At 5-10 sec after the beginning of the induced seizure, 1-0 ml. of L-GABOB 
solution, of an appropriate concentration, was introduced into either a lateral 
ventricle or the cisterna cerebellomedullaris of the dog. For example, in 
experiment No. 8 in Table 3, the duration of the generalized seizure in re- 
sponse to 5 sec stimulation was 75 sec. Five seconds after the beginning of the 
seizure, L-GABOB was injected. When the concentration was 0-00025- 
0-000065m, according to calculation from equations 2 and 3, the seizure 
ceased within 13 sec, this time representing the latent period in the action 
of -GABOB. The inhibitory effect of GABOB persisted for 5 min, after which 
the excitability returned. 
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In contrast, when pt-GABOB was injected the critical concentration to stop 
the seizure was below 0-0010-0-00025, as is shown in Table 3. The inhibitory 
action of t-GABOB was stronger than that of pt-GABOB. 

Neither serine nor threonine could stop the seizure following electrical 
stimulation of the motor cortex, up to a dose 1-0 ml. of 0-2m. 


DISCUSSION 


Rat’s brain contained GABOB as a normal constituent in a concentration of 
0-48 pmoles/g (wet weight) when the content of serine was 0-29 »moles/g. 

After the cerebrospinal spaces of a dog were continuously perfused with 
isotonic saline, a generalized seizure occurred, which later ceased as the 
solution continuously reperfused the spaces. The saline solution emerging from 
the cisterna after a seizure contained an inhibitory principle, which is con- 
sidered to be the inhibitory mediator. It was an amino acid which released 
NH, on treatment with periodic acid, and it was identified as GABOB. Elhott 
& Florey (1956) believed GABA to be the real inhibitory principle in the brain, 
and there have appeared several related papers (Kuffler & Hyzaguirre, 1955; 
Iwama & Jasper 1957), among them one by McLennan (1957 6) who compared 
the inhibitory actions of GABA and GABOB. McLennan confirmed that 
they had almost the same action, but appeared to believe that GABA was 
more likely to be the inhibitory principle in the brain of higher animals. 

It appears, however, that stress should be laid on GABOB, especially 
L-GABOB, as the inhibiting substance in the brain of higher animals for the 
following reasons. (1) The critical concentrations required to inhibit sodium 
glutamate seizures are for GABA 0-012m, and for GABOB 0-0006 m. 
(2) t-GABOB has a stronger inhibitory action on the generalized seizure 
following electrical stimulation: it has a critical concentration of 0-00025- 
0-000065m, against 0-0010-0-00025m for pt-GABOB. (3) GABOB can be 


considered to be derivative of GABA, of which the content in the brain is — 


normally higher, being estimated by several authors as 0-031°%. The concen- 
tration of GABOB which was found in the solution emerging from the cisterna 


after a seizure was 0-0071%, and this concentration sufficed to stop the 


‘salt discharge’ when applied in saline solution. 


SUMMARY 
1. Rat’s brains contained B-hydroxy-y-aminobutyric acid (GABOB) in 
addition to y-aminobutyric acid (GABA), in the ratio 1:5-6. 
2. After the cerebrospinal spaces of a dog were continuously perfused with 


isotonic saline solution (NaCl 0-9%), a generalized seizure occurred, which 
later ceased as the solution continuously reperfused the spaces. When the 


seizure stopped the saline solution contained some inhibitory substance 
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derived from the brain which was identified as 8-hydroxy-y-aminobutyric 
acid. 

3. The generalized seizure due to the injection of convulsants into the 
lateral ventricle was abolished by the introduction of GABOB or GABA 
through the carotid artery. The inhibitory action of GABOB was stronger 
than that of GABA. 

4. The generalized seizure which was evoked by an electric current was 
abolished by t-GABOB as well as by nt-GABOB within 30 sec after introducing 
it into the cerebrospinal fluid of the dog. The critical concentrations were cal- 
culated to be 0-00025-0-000065 m for the former and 0-0010—0-00025 m for the 
latter. 

5. The real inhibiting factor in the brain is presumed to be t-GABOB. 
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FLUCTUATIONS OF ACCOMMODATION UNDER STEADY 
VIEWING CONDITIONS 


By F. W. CAMPBELL, J. G. ROBSON* anp G. WESTHEIMER 
From the Physiological Laboratory, University of Cambridge 
(Received 29 September 1958) 


It is well known that under steady environmental conditions motor systems 
exhibit residual fluctuations or unrest. The tremor in skeletal muscles has 
been extensively studied and shows a dominant frequency component of 
10 c/s (Schaefer, 1886). The pupil of the eye shows a physiological unrest with 
a high frequency component of 1-2 c/s (Stark, Campbell & Atwood, 1958). The 
tremor of the eyeball during steady fixation has been described as having 
dominant 30-80 c/s components (Ditchburn & Ginsborg, 1953). While 
investigating the characteristics of the accommodation response of the eye 
we noticed that the refractive power undergoes small fluctuations and it is 
the purpose of this paper to describe these. 

Attempts to account for motor tremor have often led to feedback theory 
being invoked (Hammond, Merton & Sutton, 1956; Lippold, Redfearn & 
Vuéo, 1957). The implication of the feedback concept in this connexion is that 
sensory information from, for example, muscle spindles is fed back to the 
motor control centre in order that a desired tension or length response of the 
muscle shall be achieved or maintained (Granit, 1955). In the accommoda- 
tion system the sensory information comes from the retina and here we 
have the advantage of easy optical access by natural means, enabling us 
to manipulate independently the sensory information sent back to the 
controlling nerve centre, a facility not readily available in other motor 
systems, 

Quantitative as well as qualitative data about its components and their 
interaction are necessary before a feedback system can be fully described and 
quantitative predictions made. In this paper we are reporting measurements 
that must be integrated into a quantitative description of the accommodation 
system if it is given in terms of feedback theory. 


* Medical Research Council scholar. 
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METHODS 


Measurements of the refractive state of normal human eyes were obtained with an infra-red 
optometer, a brief description of which has already been published (Campbell, 1956). Fuller 
details of the instrument are given by Campbell & Robson (1959). The principle of the optometer 
is to direct two narrow beams of infra-red light into the pupil of the eye, one beam entering about 
2 mm above and one 2 mm below the visual axis. Each beam forms a real image on the retina 
of a horizontal slit diaphragm. This diaphragm and the lens forming the narrow beams are so 
arranged that the images of the slit are superimposed on the retina when the eye is focused at 
infinity. If, owing to the act of accommodation, the power of the eye increases, the images on the 
retina separate. This is the basic principle of Young’s optometer based on Scheiner’s experiment. 

The separation of the slit images is detected by collecting the light reflected from the retina 
after it has passed forward through the pupil. This is then focused by means of a suitable lens on to 
a lead sulphide photoconductive cell, with two horizontal rectangular photosensitive areas so 
placed that a real image of the double retinal image straddles the two photosensitive areas of the 
cell. Separation of the retinal images now results in a separation of the images focused on the 
photocell. To detect this separation the narrow ingoing beams are interrupted alternately at 
400 c/s by means of a suitable rotating sector wheel and the electrodes of the two photosensitive 
areas are connected in a bridge circuit which gives an alternating output proportional to the 
separation of the images. The alternating signal is then amplified by means of a narrow-band 
amplifier tuned to the frequency of modulation. This assists in improving the signal-to-noise 
ratio of the detecting system. The amplified signal is rectified and passed through a suitable 
electronic filter to remove the 800 c/s modulation and the resulting d.c. voltage is used to activate 
a pen recorder after any standing potential has been backed off. The electronic filters used in the 
apparatus are so chosen that the optometer faithfully records frequencies in the range 0-5 c/s. 

Great care is required in the design and adjustment of the optical and electronic systems to 
ensure adequate sensitivity of the optometer, because only a very small proportion of thelight that 
enters the eye is reflected by the retina and leaves the eye through the pupil. As the lead sulphide 
photocell is sensitive to infra-red energy in the region of 1 y, an infra-red transmission filter may 
be placed in the path of the two narrow beams. The subject cannot then perceive the measuring 
beams. Because of the balanced type of system used the optometer is insensitive to small move- 
ments of the eye, which cause both images to move in the same way upon the photocell, and to 
stray light, which falls equally on both sections of the photocell. 

Tests have been carried out which indicate that eye movements up to 2° in any meridian can 
occur without producing an artifact on the record. Artifacts due to larger eye movements or to 
blinking are readily recognized. Pulsatile changes due to the blood flow in the eye or orbit, or 
slight movements of the head caused by respiratory movements of the neck, might also introduce 
artifacts into the record in spite of the use of a bite bar. However, if heart and respiration move- 
ments are recorded at the same time as the accommodation it can be demonstrated that there is 
no correlation between them. 

With this optometer, records were obtained of the refractive state of young adults when pre- 
sented with high-contrast targets on a white background at optical infinity and at various near 
distances. To enable the effective entrance pupil sizes of the eye to be varied, the targets were 
viewed in the optical system shown in Fig. 1. An iris diaphragm J was placed in front of a ground 
glass screen transilluminated by light from a tungsten source. The diaphragm was optically con- 
jugate to the pupil of the eye with respect to the two achromatic lenses A,, Ay. The target 7' was 
a small ‘C’ photographically reproduced on a transparent glass plate. It was imaged on the retina 
by the lens A, and the optical parts of the subject’s eye. The subject’s accommodation require- 
ments could be altered by moving 7’ back and forth on an optical bench. The apparent distance of 
target from the subject could be calculated and was expressed in dioptres. The iris diaphragm 
could be altered in size and its image in the subject’s pupil constituted the effective entrance pupil 
of the eye. It was verified that the depth foous of the eye was changed greatly in the expected 
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direction (Campbell, 1957) when changes were made in the diameter of the diaphragm. Records in 
‘empty fields’ were obtained either by switching off lamp L or by removing /, A,, A, and T and 
placing close to the subject’s eye a plate of calcite between two pieces of polarizing material. 
The subject then saw one of the typical patterns due to the birefringent material (Ditchburn, 
1952). These patterns help to maintain the fixation but do not change in sharpness over a large 
range of accommodation. 

One or two drops of 1% p-hydroxyamphetamine hydrobromide were instilled in the subject’s 
eye and recordings were obtained as soon as the pupil had dilated, i.e. within 15-30 min. With this 
mydriatic a period of 1-2 hr is available between maximum mydriasis and the onset of a detectable 
effect on the ciliary muscle. In some subjects it did not appear to affect the ciliary muscle at all. 

Analysis of tremor records. The problem of quantitative evaluation of the waviness of a record 
is often encountered and well-developed techniques are now available for handling it. Basically 
they amount to finding the amplitudes of the sine waves which when combined in a characteristic 
manner will give the record. Harmonic analysis of such a record is simplified a great deal by the 


9| 


! A, T A, P 
Fig. 1. Schematic diagram to illustrate the optical system used to present a target to the eye. 
J, iris diaphragm transilluminated by light from a tungsten lamp and passed through a grourtd 
glass diffusing screen; A,, A, achromatic lenses. J is in the first principal focal plane of 
A,; and P, the plane of the pupil of the eye, is in the second principal focal plane of A,. 7' is 
a target imaged by A, and the optical system of the subject’s eye on to his retina. 


Wiener-Khintchine theorem which states that Fourier transformation of the autocorrelation 
function of a record gives its spectral density function, i.e. the square of the amplitudes of the 
different frequency components making up the original record. Blackman & Tukey (1958) have 
recently discussed the whole problem fully. 

It must be remembered that reconstruction of the original records is no longer possible after 
the analysis since phase information has been lost in the process of carrying it out. Even so, the 
analysis is an enormously more valuable tool than the application of simple statistical techniques 
of finding mean values, average errors or r.m.s. errors, even when associated with such refinements 
as trend elimination. Many records may have the same values for these statistical parameters 
yet differ in a fundamental and meaningful way. Visual inspection of a record will give some 
information, particularly concerning the spectral position of narrow frequency bands that are 
strongly represented and widely separated. But quantitative information concerning such peaks is 
never available without harmonic analysis. This will become a yet more valuable tool once ade- 
quate statistical techniques become available for gauging the significance level of peaky spectra 
(Blackman & Tukey, 1958). The second reason for studying spectral density is that it is possible 
to find out something about the system’s characteristics by examining the nature of the rate of 
change of density with frequency. This is a well-known approach to the study of electrical and 
other filters, 

A major problem in this analysis concerns the question of whether a given record length is 
typical of the process. Can one be sure that on repetition of the experiment the new record would be 
merely a different sample from the same population of records as the first one and hence differing 
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from it only within the statistical range of variability of such records? The ergodic hypothesis, 
which states that for stationary stochastic processes the ensemble of record lengths taken at 
different times is indistinguishable from the ensemble of similar record lengths taken from a single 
long record, is presupposed in the present analysis. This is justified in #0 far as the findings upon 
which we place emphasis were repeatable in an individual at different times, and in different 
sections of a single long record. 

A ceaihaieia aaa record giving a sequence of about 300 datum points at equal and con- 
secutive time intervals was used for analysis. The interval was chosen so that about five datum 
points were included in @ cycle of the highest frequency peak in which we were interested. For 
example, in the accommodation records an interval of 0-1 sec was used. Autocorrelation curves 
were obtained up to a maximum shift of 100 unit time intervals and these were subjected to 
Fourier transformation. The computations were carried out on a digital computer. 


2 sec 
Fig. 2. (a) Record of noise generated by optometer with no subject in position. (b) Record while 
subject J.G.R. viewed a small, high-contrast test object placed at his optical infinity. 
(c) Record obtained when subject J.G.R. viewed the target placed at 1 D optical distance 
with a 7 mm pupil. 


RESULTS 


Figure 2a is a record of the noise generated within the optometer by the 
photocell and its amplifiers with no subject in position. Fig. 26 is recorded at 
the same gain but with a subject viewing a high-contrast target at his optical 
infinity. A similar trace is obtained during cycloplegia induced with hom- 
atropine. Fig. 2c shows a record obtained while the subject (J.G.R.) views the 
target at an optical distance of 1D with a 7 mm pupil. 

Figure 3 shows the results obtained from eight other young adult subjects 
while they were viewing a small high-contrast test object at an optical distance 
of approximately 1D. Visual inspection of the records shows that there is 
constantly present a rhythmical component with a frequency of about 
1-2¢/s. From inspection of longer portions of such records it appeared to us 
that the dominant frequency was fairly constant in any given subject but 
that it might vary from subject to subject. 

Figure 4 shows two traces each with the same average accommodation level 
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sec 
Fig. 3. Records of accommodation response to a stationary test object at an optical distance of 
1D from 8 young adult subjects with dilated pupils. 


sec 
Fig. 4. Accommodation record of subject J.G.R. under normal viewing conditions with a 
7 mm pupil (upper) and with a 1 mm effective entrance pupil of the eye (lower). The records 
have the same average accommodation level. 
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(about 1D) obtained with subject J.G.R. The upper one was taken under 
normal viewing conditions of a detailed target through a large pupil and the 
lower one under conditions of identical retinal stimulation, including retinal 
luminance, but with a small (1 mm) effective entrance pupil of the eye. The 
latter has the effect of widening the depth of focus. Figure 5 gives the spectral 
density of each of these two records. It can be seen that there is a well marked 
high-frequency component present in the wide pupil experiment in the region 
of 2 c/s and that this is greatly diminished or absent in the experiment using 


-—== 1mm pupil 
——— 7mm pupil 


Spectral density 
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c/s 
Fig. 5. Frequency spectra of the two records shown in Fig. 4 (linear ordinates). 


the narrow pupil. There are also marked low-frequency components present 
in both records at frequencies less than 0-5 c/s. To ensure that the spectral 
density distributions obtained in these experiments had not arisen by chance, 
the experiments were repeated a few minutes later on the same subject under 
the same conditions and the results of the analysis are shown in Fig. 6. The 
results obtained are very similar to those shown in Fig. 5, and it may be con- 
cluded that the large 2 c/s peaks obtained in this subject with a wide pupil 
are significant and that the change in the spectral density distribution which 
occurs when a narrow pupil is substituted is also of significance. 
The high-frequency components shown to be present in subject J.G.R. 
in Figs. 5 and 6 under wide-pupil conditions appear to be a general feature in 
other subjects viewing under similar conditions (Fig. 3). We have not, however, 
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Results should be compared with those shown in Fig. 5 (linear ordinates). 


Spectral density 


Fig. 7. Frequency spectra obtained from subjects when they viewed a test object at 1D distance 


with wide pupils. Portions of their original records are shown in Fig. 3 (arbitrary linear 
ordinates). 
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attempted to carry out detailed spectral density analysis of all of these sub- 
jects on account of the labour involved and also because it would not appear to 
yield more information than can be obtained from visual inspection of the 
records, at least as far as judging the presence or absence of a marked high- 
frequency component. Spectral analyses of the records obtained from three 


1-47 c/s 


2-9 c/s 
2-5 c/s 
5 sec 


Fig. 8. Responses to an accommodation target oscillating at various frequencies through a range 
of 0-75 D centred at 1 D. The marks below each record indicate the movement when the 
sinusoidally moving target was nearest to the subject. Downward movement of record 
indicates an increase of accommodation. Allowance should be made for the arc of the pen. 


of these subjects are shown in Fig. 7. It can be seen that the position of the 
high-frequency band varied from subject to subject within the range 1-3- 
2-2 c/s and that there may be more than one spectral peak. Little significance 
can be attached to the presence of minor variations in these spectra for it 
would first be necessary to repeat the analysis on several lengths of record 
taken from the same subject under the same conditions and to compare these 


_ for constant components. 


When accommodation fluctuations under normal viewing conditions were 
contrasted with those in an empty field, or in a field with a target unaffected 
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by accommodative changes, a difference similar to that between the two 
records in Fig. 4 was observed. 

In one experiment accommodation was recorded while a subject (J.M.) 
viewed with a large pupil a small detailed target that oscillated at various 
frequencies over a range of 0-75D, the range being centred at 1D. The optical 
arrangement ensured that changes only in focus and not in size or illuminance 
of the retinal image occurred. Figure 8 illustrates the response at various 
frequencies. 

Figures 9 and 10 show a more detailed study of the ability of an oscillating 

accommodation stimulus to ‘drive’ the fast fluctuations. The subject (J.G.R.) 


1 sec 
Fig. 9. Normal accommodation fluctuations (upper) and response to an accommodation 
target oscillating through 0-75 D with a frequency of 2-8 c/s (lower). 


was permitted freely to view the target while stationary. The upper record of 
Fig. 9 was taken during this period. The target was then oscillated at a rate 
of 2-8 c/s, i.e. faster than most of the spontaneous activity in this subject. 
The lower record of Fig. 9 was obtained during this period. The spectra, 
shown in Fig. 10, clearly illustrate that the normal activity at 2 c/s was re- 
placed by a much more marked one at 2°8 c/s. 

A closer study of the records reproduced in Figs. 8 and 9 demonstrates that 
a time lag of 0-4 sec between stimulus and response is apparently a constant 
phenomenon in these records. In Fig. 9 this takes the form of a phase lag 
of rather more than 360°, as would be expected when the frequency is 2°8 c/s. 
We have not so far been able to demonstrate a phase advance due to predic- 
tion as occurs with eye movements (Westheimer, 1954). 


DISCUSSION 
Before accepting that the small fluctuations recorded by the optometer are 
due to changes in the refractive power of the eye it would be relevant to 
inquire whether changes of this amplitude and frequency can be observed by 
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2 
Frequency (c/s) 
Fig. 10. Frequency spectra of the two records shown in Fig. 9 (linear ordinates). 


techniques differing fundamentally in principle from that of the optometer. 
Several confirmatory pieces of evidence are available. 

Records have been obtained by cinephotography at 10 frames/sec of the 
third Purkinje-Sanson image formed by reflexion of light from the anterior 
surface of the crystalline lens (Whiteside, 1957). When the eye was focused ona 
near object continuous small fluctuations in the size of the third image occurred. 
The dominant component of these fluctuations has a frequency of about 2-5 c/s 
with an amplitude of about 0-25D peak to peak. It is improbable that these 
fluctuations are entirely due to errors of recording, for measurements made of 
the size of the first image (formed by the anterior surface of the cornea) show 
a scatter of smaller amplitude. Glezer & Zagorul’ko (1955) have also recorded 
similar fluctuations of accommodation by measuring changes in curvature of 
the anterior surface of the lens photo-electrically. 

Arnulf, Dupuy & Flamant (1955), using an elaborate ophthalmoscopic 
technique, examined the image of a bright point source formed on the retina. 
In an eye with active accommodation this image was seen to be constantly 
undergoing rapid changes of shape which these workers interpreted gs being 
due to astigmatic changes in lens power. The magnitude of the fluctuations in 
different subjects was estimated to be between 0-04 and 0-14D, but no in- 
formation has been published of their time characteristics, no doubt because 
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of the difficulty of determining these subjectively. In a personal communica- 
tion Dr A. Arnulf states that the rate was several per second. 

Yet another technique for the detection of these accommodative fluctua- 
tions may be used by the reader providing he still retains a reasonable ampli- 
tude of accommodation. If concentric circular pattern (Fig. 11) is examined 
with one eye, while the head and pattern are rigidly fixed, a series of moving 
sectors will be perceived. This effect was first described by Helmholtz in 1856 
(Helmholtz, 1924). The time course of the movements corresponds to the fluctua- 
tions of refractive power described in this paper (Campbell & Robson, 1958). 
Certain other effects may also be observed which are not connected with 
accommodation changes (McKay, 1957). As the sectors may appear in any 
meridian and do not only flick rapidly through 90° we may infer that some at 
least of the fluctuations are astigmatic. 


Fig. 11. Concentric ring target of Helmholtz. When the target is viewed with several dioptres of 
accommodation rotating sectors can be seen. The time course of the movements corresponds 
to that of the fluctuations of accommodation shown in Fig. 3. 


It should be borne in mind that the optometer as at present constructed 
measures changes in refractive power in only the vertical meridian. A change 
in power of the horizontal meridian alone would not be detected by the opto- 
meter. There have been many attempts to determine whether an astigmatic 
error could appear, on accommodation for ‘near’, in an eye which has no astig- 
matism when focused at infinity. The evidence is against the occurrence of large 
changes of astigmatism with accommodation (Fletcher, 1951), although the 
methods used so far have not been sufficiently sensitive to exclude astigmatic 
changes of less than about 0-2 dioptres. In order to settle this point with 
certainty it would be necessary to design an optometer which records simul- 
taneously in two meridians at right angles to each other. The technical diffi- 
culties of such a method are great and we have not attempted it. 

It is interesting to note that Collins (1937) briefly mentioned that accom- 
modation, as measured on his electronic refractionometer, was constantly 
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varying by small amounts at a rate of 1 c/s or even faster, but this observation 
does not appear to have been followed up. 

Figures 5, 6 and 7 show that during natural viewing with a large pupil most 
of the accommodative activity occurs in the frequency range 0-0-5 c/s, 
although one or more narrow bands in the high-frequency region may be 
strongly represented and appear predominant in the original record. More- 
over, the activity in the low-frequency region is even greater when the sensory 
system ceases to convey information of focus position, namely, in the empty- 
field and small-pupil experiments. These findings suggest that the ability to 
detect blur is a definite factor in stabilizing the refractive state so far as 
fluctuations of less than 0-5 c/s are concerned. The presence of these fluctua- 
tions in an empty field means that the average refractive level of an otherwise 
emmetropic eye must be myopic. This probably accounts for the well-known 
phenomena of night and space myopia (Campbell, Westheimer & Robson, 1958). 

The spectrum of the fluctuations of accommodation may be compared with 
that of other motor systems also studied under ‘steady’ conditions. Figure 12 
. shows frequency spectra on a log-log plot of fluctuations in pupil diameter, 
accommodation, finger displacement and eyeball position (between saccadic 
movements). All four systems differ in many respects from each other; yet 
allowing for the differing frequency scale the spectra show close similarity in 
three respects: (1) a general decrease in amplitude with increase in frequency, 
the slope in the case of all systems being about the same; (2) a distinct sub- 
sidiary peak in a higher frequency region; and (3) a more rapid fall-off of 
amplitude with frequency beyond the subsidiary peak. The peak occurs at 
about 75 c/s for eyeball movements, 10 c/s for finger tremor, 2 c/s for accommo- 
dation and 1-2 c/s for pupil unrest. However, an analysis over a much wider 
range of frequencies would have to be made before a more complete analogy 
could be developed. | 

The site of the origin of these movements in motor systems is not clear, 
although in some instances there is sufficient evidence to eliminate several 
sources that at first sight appear likely. For example, it is known by objective 
recording of pupil area that spontaneous iris movements are identical in both 
amplitude and phase in both eyes (Stark et al. 1958). Thus the site of origin 
must be at, or central to, the third nerve nucleus and not peripheral, say in the 
smooth muscle of the iris. In the case of accommodation it has unfortunately 
not been possible to record simultaneously the refractive power fluctuations 
of both eyes, although subjective experiments with the Helmholtz concen- 
tric ring target (Fig. 11) suggest that some, if not all, of the accommodation 
fluctuations are binocularly simultaneous. If this could be confirmed by 
objective recording it would similarly establish that the site of origin of the 
movements was nervous and central to the third nerve nucleus. In the case 
of the fast extraocular muscle tremor (Riggs & Ratliff, 1951) and the 10 c/s 
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finger tremor (Campbell, Robson & Westheimer, unpublished observations) 
there is no correlation in amplitude or phase between the two sides, so that we 
cannot similarly exclude certain sites of origin. 

Somewhat more can be said about the fast components of accommodation 
tremor. If we have anywhere, in the sequence of transformations extending 
from the third nerve nucleus to the lens, a component that acts like a resonant 
spring device, for example an elastic component in the zonule-lens capsule 


(d) 


Spectral density (relative units) 


30 100° 


Frequency (c/s) 

Fig. 12. Frequency spectra of various motor systems in a steady environment, drawn to show 
principal features (logarithmic coordinates). (a) Pupil diameter during steady illumination 
of the retina; (b) accommodation during steady viewing of near target; (c) finger displace- 
ment during steady pointing; (d) eyeball position during steady fixation (between saccadic 
movements). This spectrum was obtained by analysing a record kindly provided by Dr D. H. 
Fender. 


system, we might expect, in the presence of constant perturbations from the 
nervous system, that the harmonic analysis of the refractive power fluctua- 
tions would contain a prominent band at the resonant frequency. The conse- 
quence of such a hypothesis is that quite large oscillations at about the same 
frequency as that of the subsidiary peak in the spectrum are expected to — 
occur following an ordinary rapid change in accommodation. Since these are 
not observed one must reject this simple hypothesis. 

Hypotheses of quite a different group are those in which we look to the 


feedback relationship between the retinal image and the accommodation level 
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for the origin of the particular type of output spectrum. Reaction time in the 
accommodation system is of the order of 0-3-0-4 sec. In addition there is a 
small dioptric range within which focusing changes cannot be perceived. If 
one assumes that the normal accommodation posture is near one end of the 
depth of focus, it is possible to postulate an accommodation oscillation from 
‘just perceptibly blurred’ to ‘clear’. Subjective experiments show this range to 
be about 0-2D (Campbell & Westheimer, 1958). These figures do not permit 
the conclusion to be drawn that the oscillations in the vicinity of 2 c/s are a 
consequence of these characteristics, but if we allow a reasonable range of 
uncertainty of measurements we cannot reject it convincingly without a 
crucial experiment. Now the behaviour of a system with the described charac- 
teristics can be predictably changed by the simple expedient of widening the 
range of insensitivity to blur. When this is done by using a narrow entrance 
pupil and thus increasing the depth of focus, the subsidiary peak disappears 
(Fig. 5). While this means that the 2 c/s oscillations are clearly connected with 
the presence of a normal feedback loop—they disappear on de-afferentation !— 
the simple hypothesis of oscillation through a range of insensitivity cannot be 
upheld. The oscillations do not increase in amplitude when the range is 
widened. 

On the other hand, since the two records of Fig. 4 have the same average 
accommodation level but quite different oscillation patterns it cannot be 
postulated that the fluctuations are a characteristic of the motor system merely 
associated with active accommodation, a hypothesis otherwise favoured by 
findings that no such oscillations are seen with completely relaxed accom- 
modation or in presbyopic eyes. 

While the results published in this paper have sufficed to exclude some 
specific theories, there remain other possible mechanisms, but in the absence of 
further experimental evidence it does not seem fruitful to us to speculate 
about them. The finding that marked changes can be induced in the pattern of 
fluctuations of accommodation by variations in visual stimulation, e.g. by 
increasing the range of insensitivity to blur or by oscillating an accommoda- 
tion target, makes the conclusion inevitable, however, that visual feedback 
must play a part in its genesis. 


SUMMARY 


1. When a young adult subject steadily views a near target the refractive 
power of the eye constantly undergoes fluctuations. 


~ 2. These fluctuations disappear when the subject views a target at infini ity “oe WR 


or when a cycloplegic is instilled. 
3. Harmonic analysis shows that the fluctuations have dominant frequency 


components in the 0-0-5 c/s region, and with a large pupil in one or more 
narrow bands near 2 c/s. 
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4. When the retina ceases to obtain information on focus position, e.g. in an 
empty visual field or in the case of greatly increased depth of focus, the higher 
frequency components are diminished and the lower frequency ones are 
increased. 

5. Measurements were obtained of accommodation responses to sinusoidal 
variations in accommodation stimulus. The response follows the oscillation 
with a time lag and a frequency-dependent amplitude. 

6. When the stimulus moves sinusoidally at a frequency near to 2 c/s the 
natural high-frequency rhythm appears to be suppressed. 

7. A comparison of accommodation, pupil diameter, eyeball and finger 
tremor spectra suggests that spontaneous activity in widely different motor — 
systems is remarkably similar in spite of a differing frequency scale. 

8. Several hypotheses concerning the spontaneous activity in the accom- 
modation system are discussed. It is concluded that sensory feedback must 


play a role. 
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Iodide has been shown to be selectively concentrated in the saliva of humans 
(Schiff, Stevens, Molle, Steinberg; Kumpe & Stewart, 1947), hamsters (Cohen, 
Logothetopoulos & Myant, 1955), mice (Logothetopoulos & Myant, 19564, b) 
and dogs (D. D. Adams, G. A. Robinson & G. W. Stavraky, personal communi- 
cation). In each of these species, within a few minutes of an intravenous in- 
jection of radio-iodide, the concentration in the mixed saliva may reach a 
value of more than twenty times the concentration in the serum. There have 
been several attempts to identify the cells concerned in this mechanism. 
Honour, Myant & Rowlands (1952) showed that the saliva:serum radio- 
iodide concentration ratio is at least as high for saliva collected from the open- 
ing of the human parotid duct as that for mixed saliva. They concluded that 
the parotid gland concentrates iodide, but they could not exclude the possi- 
bility that the submandibular and sublingual glands also contribute to the 
high concentration of iodide in the mixed saliva. In hamsters the intra- 
lobular (or proximal) ducts of the submandibular glands have been shown to 
concentrate radio-iodide (Cohen ef al. 1955). Selective concentration of 
radio-iodide does not occur in the mixed saliva or the salivary glands of rats 
(Logothetopoulos & Myant, 19566). We have continued these investigations 
and have extended them to several other species. 


METHODS 
In experiments on animals, carrier-free radio-iodide (about 1 »c/10 g body weight) was given by 
injection. Mixed saliva was sucked out of the mouth with a pipette. In cats, dogs, rabbits and 
guinea-pigs, saliva was also obtained by cannulation of separate salivary ducts of the anaesthe- 
tized animal with nylon tubing. In some cases the ducts were cannulated intra-orally through 
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their openings in the mouth, In others the ducts were cannulated extra-orally after dissection. 
In humans the parotid and submandibular ducts were cannulated with metal or polythene 
cannulae after the openings of the ducts had been stretched with a polythene probe; no 
anaesthetic was used. In cats and dogs the sublingual and submandibular ducts were identified 
at the end of the experiment by injection of Indian ink. 

The term ‘residual saliva’ will be used for the secretion obtained from the mouth after ligating 
both parotid ducts and removing both submandibular and sublingual glands. This juice was 
obtained from rabbits, guinea-pigs, cotton-rats, rats, mice and hamsters following injection of 
181] and pilocarpine. 

Tissue samples were blotted, weighed, and digested in 4 n-NaOH on a steam bath. The soft 
palate was wiped free from mucus before it was removed from the animal. All samples were made 
up to 10 ml. with water and their radioactivity measured in a scintillation counter. For the analy- 
sis of the I in human salivary glands the tissues were ground in a mortar with powdered glass 
and extracted with 5 vol. of absolute alcohol. The residue left behind after the extraction was 
hydrolysed by boiling in 2s-NaOH for 16 hr. The I in the alcoholic extracts and in the hydro- 
lysates was analysed by paper chromatography with a solvent mixture of n-butanol (4 vol.) and 
dioxane (1 vol.) equilibrated with 2~ ammonia (5 vol.). The markers were iodide and thyroxine. 
Radioactivity along the chromatograms was measured with a continuously recording scanner. 
In the experiments on animals other than mice, hamsters and Mastomys, blood samples were 
taken at intervals of 10-20 min and the concentration of ™I in the serum at any time estimated by 
interpolation between successive values. The saliva:serum ™'I concentration ratio was estimated 
from the concentration of "I in the sample of saliva and the serum ™'I concentration at the mid 
point of the sampling interval. In the case of mice, hamsters and Mastomys a single blood sample 
was taken immediately after the sample of saliva. In experiments on humans the right parotid 
and right submandibular ducts were cannulated 10-20 min after the injection of I and the saliva 
collected over 5 min intervals for half an hour. A blood sample was taken about half way through 
the period of sampling. 

RESULTS 


Cats 


The saliva:serum and salivary gland:serum ™I concentration ratios (here- 
after called S:P ratio for saliva and S:P ratio for salivary gland) were 
measured in cats after intramuscular injections of radio-iodide. Since cats do 
not normally secrete saliva unless the salivary glands are stimulated, an 
intraperitoneal injection of pilocarpine (5 mg/kg) was given 15 min after the 
injection of radio-iodide. The serum ™J concentration showed little change 
between the 20th minute and the end of the experiment. In most cases there 
was a slight rise to a maximum, followed by a fall during the second hour 
(Fig. 1). 

When all the salivary glands were allowed to secrete into the mouth, a 
flow of saliva began about 20 min after the injection of pilocarpine and con- 
tinued until the cat was killed 2-3 hr later. Under these conditions, the S:P 
ratio for saliva sucked out from the floor of the mouth was always above unity. 
In different cats the ratio varied between 5 and 10. An attempt has been 


made to identify the glands responsible for concentrating iodide in the mixed 
saliva of cats. 


Parotid saliva. Both parotid ducts were cannulated. The cat was then given 


an injection of radio-iodide, followed by an injection of pilocarpine. For all 
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the samples of saliva obtained from the parotid ducts, the S:P ratio averaged 
093+ 0-13. Although there was slight concentration in four out of fourteen 
samples obtained from five cats, the highest ratio observed was 1-9. However, 
in every experiment the S:P ratio for the saliva obtained from the floor of the 
mouth was several times higher than that for any sample of parotid saliva 
from the same cat. 

Submandibular saliva. The low concentration ratios for parotid saliva showed 
that the parotid glands were not responsible for the high concentration of 
radio-iodide in the mixed saliva. In the next experiment, therefore, saliva 
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Fig. 1. 8S: P ratio for cat’s submandibular saliva, showing (left-hand ordinate) concentra- 
tion in serum (@) and in saliva (©) obtained by cannulation of both submandibular ducts, 
and (right-hand ordinate) rate of flow of saliva (A) and plasma radio-iodide clearance rate 
(@ ---@) by the salivary gland. In all figures, arrow ¢ shows injection of pilocarpine. 


was obtained from the submandibular ducts by extra-oral or intra-oral 
cannulation. After insertion of the cannulae into the submandibular ducts on 
both sides, both parotid ducts were ligated and severed. Radio-iodide and 
pilocarpine were then injected as before. 

In most cats, the S:P ratio for the submandibular saliva obtained under 
these conditions was less than unity. The highest ratio observed for any sample 
was 2-1 and the average for all samples obtained from all cats was 0-92 + 0-09. 
Fig. 1 shows the results of an experiment in which both submandibular ducts 
were cannulated extra-orally. Within 20 min of the injection of pilocarpine, 
saliva began to flow from the cannulae. The rate of flow rose during the first 
hour to @ maximum of 20-30 ml./hr from the two ducts, and then gradually 
fell off. The S:P ratio for all the samples averaged 0-6 and in all cases was 
less than unity. 
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During the course of every experiment a thick viscid material collected at 
the back of the mouth. When the concentration of “J in this material was 
measured, it was found to be several times higher than the concentration in 
the saliva collected through the cannulae in the same cat. In one experiment 
the S:P ratio for the viscid saliva obtained from the back of the mouth was 
13-4. 

There was no correlation, either positive or negative, between the S:P 
ratio for the submandibular saliva and its rate of flow, the S:P ratio usually 
remaining more or less constant while the rate of flow of saliva rose and fell. 
Owing to the constancy of the S:P ratio, the plasma clearance rate of radio- 
iodide by the submandibular gland (S:P ratio x rate of flow) rose and fell in 
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Fig. 2. S:P ™I concentration ratios for cat’s saliva—submandibular, right, ©, left, @: 
sublingual, right, A, left A; and residual saliva @. 


parallel with the rate of flow of saliva. In the experiment shown in Fig. 1, 
the clearance rate reached a maximum of 16-7 ml. of plasma cleared per hour 
through the two cannulae. 

When the cannula had been passed intra-orally into the duct opening in 
the plica sublingualis, an injection of Indian ink at the end of the experiment 
showed that the cannula was in the submandibular duct in ten out of twelve 
cannulations. In the other two it was in the sublingual duct. It appears, 
therefore, that intra-oral cannulation is not an absolutely sure way of obtain- 
ing submandibular saliva, although the relationship between the openings of 
the submandibular and sublingual ducts is such that a cannula passed intra- 
orally nearly always enters the submandibular duct. 

Sublingual saliva. Fig. 2 shows the results of an experiment in which sub- 
lingual saliva was obtained by extra-oral cannulation (Liddell & Sherrington, 
1929). In this experiment both sublingual and both submandibular ducts 
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were cannulated extra-orally after ligation of the parotid ducts. For the 2 hr 
during which samples were taken, the S:P ratio for the saliva from both sub- 
lingual ducts varied between 2 and 4. The S: P ratio for the saliva from the sub- 
mandibular ducts, on the other hand, never rose above 0-78, While the samples 
were being taken the same thick viscid material that had been observed 
before collected in the mouth. A sample of this was taken at 2 hr after the 
injection of pilocarpine. The S:P ratio (5-2) was higher than that for any of 
the samples of sublingual or submandibular saliva. The rate of flow of sub- 
lingual saliva was only about 1/10 of the rate of flow of submandibular saliva. 
The plasma clearance rate of radio-iodide by the sublingual gland was also 
much lower than that by the submandibular gland. The average S:P 
ratio for all samples obtained from the sublingual ducts of four cats was 
1-6 + 0-3. 

Residual saliva. Up to this point the results showed that neither parotid 
nor submandibular nor sublingual saliva could account for the high S: P ratio 
in the mixed saliva, although sublingual saliva appeared to be a contributory 
factor. They also showed that a thick viscid saliva is secreted into the mouth 
in conditions in which parotid, submandibular and sublingual saliva are 
excluded. This viscid material we have called ‘residual saliva’. The S:P ratio 
for the residual saliva was always higher than that for saliva secreted by any 
of the three salivary glands and was high enough to account for the S: P ratio 
for the mixed saliva. In order to identify the source of the viscid secretion 
appearing in the mouth in the absence of the main salivary glands, a cat was 
anaesthetized; both parotid ducts were then cut between ligatures, and the 
submandibular and sublingual glands removed by dissection. The wounds 
were closed and the inside of the cat’s mouth dried with swabs of cotton wool. 
The jaws were held open so that the back of the mouth could be seen clearly 
in a good light, and injections of radio-iodide and pilocarpine were then given 
intravenously, Within a few minutes of the injection of pilocarpine, numerous 
small drops of a clear liquid began to appear over the soft palate and the pos- 
terior part of the cheek. When they first appeared there were about 25 drops/ 
cm? and they covered an area which extended to the posterior border of the 
soft palate, forward to the margin of the hard palate and laterally on to the 
cheek as far forward as the level of the molar teeth. No drops appeared over 
any part of the tongue, the hard palate or the mucosa covering the floor of the 
mouth, Gradually the drops increased in size and eventually formed a mass 
of viscid material filling the oral part of the pharynx and the floor of the 

mouth. The S:P ratio for a sample removed with forceps at the end of the 
experiment was 5-7. Owing to the difficulty of removing this material frora 
the mouth its rate of secretion could not be measured. As judged by eye, 
however, at least 5 ml. had accumulated in the mouth within 30 min of the 
first appearance of drops on the soft palate. The average S:P ratio for the 
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samples of residual saliva obtained from all the cats so investigated was 
75 + 1-4. 

Samples of salivary gland and soft palate. Whenever possible, samples of the 
salivary glands and soft palate were removed after the last sample of saliva 
had been taken (Table 1). In every case the concentration of "I in the gland 
was much less than that in the corresponding secretion. However, the highest 
S:P ratios were found for the soft palate and the sublingual gland, the tissues 
responsible for the two secretions with the highest S:P ratios. Table 1 shows 
the S:P ratios for the salivary glands and soft palate. 


Dogs 
Observations were made on five dogs. The ducts were cannulated and 
131] given by intraperitoneal injection, followed by one or more intravenous 
injections of pilocarpine (0-5 mg/kg). Samples of saliva were collected during 
intervals of about 10 min. At the end of the experiment the position of the 


Taszz 1. Salivary gland:serum concentration ratios 


Species Parotid Submandibular Sublingual Soft palate 

Cat 0-80+0-14 0-67 + 0-06 1-65 +0-28 1-71+0-14 
1-21+0-14 0-77 +0-20 0-83 + 0-24 0-63 + 0°34 

Rabbit 0-62 + 0-04 0-65 + 0-14 0-54 2-20+0-45 
Guinea-pig 0-79 +-0-17 0-64+40-10 0-43 + 0-12 0-83 + 0-21 
Cotton-rat 1-39+0-14 0-45 + 0-02 0-49 +.0-07 0-86 +0-10 
Rat 0-34+0-02 0-43 + 0-06 0-22 + 0-07 0-41+0-01 
Mouse 0-59 + 0-02 5-1 +027 0-53 + 0-02 0-54 + 0-04 
Hamster 0-80 + 0-03 5-1 +0-63 0-41 + 0-02 0-54 
Mastomys 0-84 3-414 0-29 0-44 
Man 4-6 6-9 11-2 


The concentration of I in a gland is estimated in the liquid obtained by digesting a biopsy 
sample of the gland with NaOH. 


cannula in the submandibular or sublingual duct was confirmed by an injec- 
tion of Indian ink. The S: P ratios for each type of saliva varied considerably in 
different experiments and during the course of a single experiment (Table 2). 
For parotid saliva the average ratios varied from 5-5 to 14. For submandibular 
and sublingual saliva the average ratios varied from 0-9 to 2-2, 

In three dogs (3, 4 and 5) observations were also made on residual saliva. 
All the ducts which could not be cannulated were exposed and tied with 
strong silk ligatures. Before the injection of pilocarpine the dog was placed on 
its back with the head pointing upwards and the jaws held widely open so as to 
expose the back of the mouth to view. Within less than a minute of the injec- 
tion drops of clear viscid fluid began to appear over the soft palate. The parts 
of the soft palate and cheek over which the drops first appeared were the same 
as in cats, but the rate of flow was much greater. In two dogs the S:P ratios 
for residual saliva were only a little above unity; in the other the ratios were 
as high as those observed for the parotid saliva (Table 2). Owing to the high 
viscosity of the residual saliva its rate of secretion could not be accurately 
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as measured. However, in one dog 10 ml. was removed from the back of the 
mouth 6 min after it had been mopped dry with cotton wool. The rate of 

he secretion was, therefore, at least 100 ml./hr. The maximum rate of flow from 

va the cannulated submandibular duct of this dog, measured over the same 

id 6 min interval, was 33-6 ml./hr and from the parotid duct, 19-2 ml./hr. 

TaBix 2, S:P 1] concentration ratio for parotid, submandibular, sublingual and residual 

e8 saliva of five dogs at 10 min intervals after injection of pilocarpine 

vs Sub- 

(dog no.) (dog no.) (dog no.) (dog 

d 0 42 88 37 184 86 20 23 10 12 — 62 Ll 146 
so — 67 178 — — O89 10 14 11 13 — 
50 88 112 196 — 15 08 1. 12 64 — 15 
e 60 4-9 — 12 — OF 12 37 lk — 
Aver- 565 1392 62 105 41 +19 22 O8 Il 13 412 «146 
age 
In addition to the initial injection of pilocarpine, further injections were given to dog 4 at 
the 23rd min and to dog 5 at the 17th and 39th min. 
50 
y 
10 
wget 40 60 80 100 120 £140 


Time after pilocarpine (min) 
Fig. 3. S:P I ratio for rabbit’s parotid saliva, showing "1 concentration in serum (@) 
and in saliva (©) obtained by cannulation of one parotid duct 


Rabbits 


In rabbits given intraperitoneal injections of I, the serum ‘I concentra- 
} tion rose to a maximum during the first hour and then fell slowly or remained 
constant during the next hour or two (Fig. 3). After injections of pilocarpine 
(3 mg/kg intravenously), the S: P ratio for the mixed saliva averaged 3-1 + 0-75. 
Saliva was also obtained from the parotid duct (Fig. 3). The average of the 
S:P ratio for parotid saliva in nine rabbits was 1:8+0-15. Residual saliva 
was obtained from eight rabbits. After stimulation with pilocarpine the 
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residual saliva was seen to appear first over the soft palate. Within 10 min 
of the injection the mouth was filled with thick viscid saliva, similar to the 
residual saliva of cats and dogs. The average S:P ratio for this material was 
4-5+0-70. 

The average S:P ratio for biopsy samples of the soft palate was 2-4 + 0-45. 
For all the salivary glands the S$:P ratio was less than unity (Table 1). 


Guinea-prgs 
Mixed saliva was obtained from guinea-pigs given intraperitoneal injections 
of pilocarpine (5 mg/kg). The average S:P ratio was 15-9 + 2-1. Measurements 
were also made on parotid saliva, Both parotid ducts were cannulated and 
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Fig. 4. S:P™ I ratio for guinea-pig’s parotid saliva, showing (left-hand ordinate) I. concentra- 
tion in serum (@) and in saliva (©) obtained by cannulation of both parotid ducts; and 
(right-hand ordinate) rate of flow of saliva ( x ). 


an injection of “I given intraperitoneally; pilocarpine was given as before. 
Samples of saliva were then collected from the parotid ducts and from the 
floor of the mouth. Fig. 4 shows the results of a typical experiment in which 
the S:P ratio varied from 9-7 to 14-3 and the rate of flow varied from 1-5 to 
3-2 ml./hr during a sampling period of 2 hr. The average ratio for all the samples 
of parotid saliva obtained from eight guinea-pigs was 12-7 + 1-9, and the aver- 
~ nt the samples of saliva obtained from the floor of the mouth was 
Residual saliva was obtained from three guinea-pigs. With the amount of 
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pilocarpine used for obtaining parotid saliva no residual saliva was secreted. 
However, after larger injections of pilocarpine (up to 15 mg/kg) about 50 mg 
of thick mucus was obtained from the back of the mouth. The S:P ratio for 
samples of this material averaged 1-2 + 0-4. The S: P ratios for biopsy samples 
of the salivary glands and soft palate were all less than unity (Table 1). 

These results show that the parotid glands are mainly responsible for the 
high S:P ratio observed for the mixed saliva of guinea-pigs. They also show 
that residual saliva in this species is secreted only after large doses of pilocar- 
pine and does not contain ™*I at a high concentration. It is unlikely, therefore, 
that this secretion has any effect on the S:P ratio for the mixed saliva secreted 
after smaller doses of pilocarpine. The saliva appearing in the floor of the mouth 
when both parotid ducts were cannulated must have come almost entirely 
from the submandibular and sublingual glands. It may be concluded, there- 
fore, that either or both of these glands concentrate ™I in the saliva, though 
to a much smaller extent than the parotid glands. 


Cotton-rats (Sigmodon) 

In cotton-rats anaesthetized with ether and injected with pilocarpine 
(1-5 mg/kg), the S:P ratio for the mixed saliva averaged 13-6+1-8. For 
residual saliva the ratio averaged 1-8 + 0-21. 

The parotid ducts were not cannulated but parotid saliva was obtained in 
two ways. In some cases both submandibular and both major sublingual 
glands were removed and a flow of saliva induced by an injection of pilo- 
carpine. In other cases the parotid ducts were exposed by dissection and 
cut. An injection of pilocarpine was then given and the drops of saliva 
appearing at the proximal end of the parotid duct were removed with a fine 
pipette. For all the samples obtained by both methods, the S:P ratio 
averaged 9-2 + 0-7. 

Saliva, presumed to come mainly from the submandibular and sublingual 
glands, was obtained by stimulation with pilocarpine after the parotid ducts 
had been exposed and cut. The S:P ratio for this saliva averaged 6-8 + 0-85. 
The S:P ratios for biopsy samples of the salivary glands and soft palate are 
shown in Table 1. 


Rats 


Logothetopoulos & Myant (19566) showed that iodide is not concentrated in 
the mixed saliva of rats. However, the high S:P ratios for the residual saliva 
of cats and dogs raise the possibility that the rat’s soft palate might also, 
under some conditions, secrete iodide at a concentration higher than that 
in the plasma, Accordingly, the S:P ratio was measured for residual saliva 
obtained from albino rats of the Wistar strain. 

The rats were anaesthetized with ether, followed by an intraperitoneal 
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injection of pentobarbitone. Both parotid ducts were severed, the submandi- 
bular and sublingual glands removed, and an injection of ™I given intra- 
peritoneally. Ten minutes later, pilocarpine (0-2 mg in 0-2 ml. of saline) was 
injected into the femoral vein. The jaws were held widely open and a light 
shone into the back of the mouth. Within a few minutes a thick viscid fluid 
appeared over the soft palate. This was removed with forceps and a sample of 
blood taken at the same time by cardiac puncture. In five rats the S:P ratio 
for this material ranged from 1-1 to 2-3 and averaged 1:4+9-07. This shows 
that the soft palate of the rat is capable of secreting radio-iodide at a higher 
concentration than that in the plasma, though its concentrating power is 
much less than that of the soft palate in cats and dogs. 

In the experiments of Logothetopoulos & Myant (1956b), the flow of saliva 
was probably due to stimulation by the ether used as the anaesthetic. It is 
possible that the low S:P ratio for the mixed saliva obtained under these 
conditions is due to dilution of the palatal secretion by a relatively large 
volume of parotid and submandibular saliva, in which iodide is not concen- 
trated. On the other hand, it is possible that ether does not stimulate the soft 
palate to secrete. The latter explanation is supported by our finding that the 
S:P ratio for the mixed saliva of rats injected with pilocarpine was often, 
though not always, greater than unity (1-29 + 0-10). 

Since there are sex differences in the histological appearance of the sub- 
mandibular glands of rats and mice (Lacassagne, 1940), the S:P ratios were 
measured for the mixed saliva of male and female albino rats anaesthetized 
with ether. The average values in males and females did not differ significantly. 

In order to see whether absence of the salivary iodide-concentrating mechan- 
ism extended to rats other than albinos of the Wistar strain, observations 
were also made on two Hooded rats of the Lister strain and on two wild 
rats (Rattus rattus). The average S:P ratio for four samples of mixed saliva 
from the Hooded rats was 0-89+ 0-09; the S:P ratio observed for the wild 
rats averaged 1-04 + 0-11. 

Mice 

An attempt was made to find out which salivary glands are responsible for 
the high S:P ratio observed for the mixed saliva of mice. Small quantities of 
residual saliva were obtained after stimulation with pilocarpine (1-5 mg/kg, 
intraperitoneally). In six mice the average S:P ratio was 0-84+0-12. At 
the end of each experiment the soft palate was removed and the S:P ratio 
measured (Table 1). 

In other mice both submandibular and both major sublingual glands were 
removed, but the parotid glands and parotid ducts were left intact. Radio- 
iodide and pilocarpine were injected as before. The pilocarpine produced a 
copious flow of watery fluid, presumed to be parotid saliva. The S:P ratio for 
this fluid averaged 1-8 + 0-2. | 
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A few observations were made on the S: P ratios for the mixed saliva and for 
the salivary glands of male and female mice anaesthetized with ether, but 
not given pilocarpine (see section above). The values obtained for the mixed 
saliva and for the salivary glands did not differ significantly as between males 
and females. 

Table 1 shows the concentration ratios obtained for the salivary glands and 
soft palate of mice. In this table the values for the salivary glands are derived 
from our own observations and those of Logothetopoulos & Myant (19565). 


Hamsters 


In hamsters, the S:P ratio for residual saliva averaged 2-1+0-32. For 
parotid saliva, obtained by the methods used for cotton-rats and mice, the 
ratio averaged 2-0 + 0-65. The S:P ratios for the salivary glands (values from 
Logothetopoulos & Myant, 1956a) and soft palate are shown in Table 1. 


Mastomys 
In Mastomys, the average S:P ratio for the mixed saliva from three males 
and three females was 6-3 + 0-34. The S:P ratios for the salivary glands are 
shown in Table 1. 
Humans 
Observations were made on four thyrotoxic patients who had been given 
test doses of radio-iodide (50-100 yc ™ I) by intravenous injection. In three 
patients the flow of saliva was stimulated by an ‘acid drop’ placed on the 
back of the tongue as soon as the cannulae were inserted. 


TasLe 3. Human parotid and submandibular saliva: S:P ‘I concentration ratio and 
rate of flow in four patients (average of all values in each patient) 


Parotid Submandibular 
Patient S:Pratio | Flow(ml./hr) S:P ratio Flow (ml./hr) 
1 13-7 24-7 31-9 14-5 
2 5-1 27-0 7-2 17-1 
3 29-7 50-0 
4 59-3 17:5 26-4 10-3 


High S:P ratios were observed for all samples of parotid and submandi- 
bular saliva (Table 3). There was no consistent difference between the S:P 
ratios for the two kinds of saliva, nor was there a significant correlation between 
the S:P ratio and the rate of flow of saliva. However, the low rates of flow 
usually occurring in humans under resting conditions were not observed here 
(see Discussion). Biopsy samples were not obtained, but the parotid, sub- 


- mandibular and sublingual gland, together with a piece of skeletal muscle and 


a blood sample, were taken from a patient who had been given a dose of 100 me 
of '5!] 59 hr before death. When the samples were taken the body had been 
kept at 0° C for the 3 days since death. The concentration of inorganic =] 
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in the serum was measured after the organic "I had been precipitated with 
trichloroacetic acid. The concentration of total ‘I was also measured in the 
salivary glands and muscle. The muscle:serum ™ I concentration ratio was 
0-36; the S:P ratios for the salivary glands are shown in Table 1. The ™ I in 
portions of the parotid and submandibular glands was analysed by paper 
chromatography. The alcoholic extracts contained 95% of the I in the 
parotid, and 78% in the submandibular. In the parotid, 99-5% of the total 
181] behaved chromatographically as iodide; in the submandibular 95-5%, 
behaved as iodide. 

All observations on the S: P ratio for mixed saliva and for saliva from separ- 
ate salivary glands are summarized in Table 4. 


Taste 4. S:P ™I concentration ratios for mixed saliva and for saliva 
from separate salivary glands of ten species 


Species Mixed Parotid Submandibular Sublingual Residual 
Cat ++ 0 0 + ++ 
+++ +++ 0 to + 0 to + + to ++ 
Rabbit + + 
Guinea-pig +++ +++ + + + 
+++ ++ ++ ++ + 
Rat 0 0 0 0 + 
Mouse +++ + +++ 0 0 
Hamster +++ + +++ 0 4 
Mastomys ++ ++ 
Man +++ +++ +++ 


0=<l, + =1-5, + + =5-10, + ++ =>10. 

We did not obtain mixed saliva from dogs, but since the S:P ratio in parotid saliva was high 
we have assumed that it is also high in the mixed saliva. In guinea-pigs and cotton-rats, either 
the submandibular, or the sublingual, or both glands concentrate iodide in the saliva. The values 
for submandibular and sublingual saliva of mice and hamsters are based on evidence from auto- 
radiography (Logothetopoulos & Myant, 195656). In Mastomys the submandibular gland is 
assumed to be responsible for the high S: P ratio for the mixed saliva, since this is the only gland 
for which the 8: P ratio is above unity (Table 1). 


DISCUSSION 


Unless the serum “I concentration remains constant during the course of 
an experiment, the ratio of the concentrations of I in the saliva and in the 
serum is not exactly the same as the ratio of the concentrations of non-radio- 
active “I. If, for example, the serum ™ I concentration were to fall, the 
observed S:P ™ ratio (calculated from the serum ™I concentration at the 
time when the sample of saliva was collected) would be higher than the true 
S:P ®"J ratio. This is because the serum J concentration would have been 
higher when the saliva was formed in the salivary gland than when it had 
reached the open end of the cannula. The difference between the S:P ™I 
ratio and the S:P "I ratio is least when the serum ™ I concentration changes 
slowly, when the rate of flow of saliva is high, and when the internal volume of 
the salivary ducts and the cannula is small. (For discussion of this point, see 
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Honour et al. 1952). In most experiments on cats, dogs, rabbits and guinea- 
pigs, these conditions were satisfied. In the experiments shown in Figs. 1, 3 
and 4, for example, the serum concentration seldom changed by more than 
20°, during any sampling period. In mice, hamsters and Mastomys only one 
blood sample was taken from each animal, so there is no evidence as to how 
quickly the serum ™ I concentration changed. However, observations on rats 
given intraperitoneal injections of I showed that the serum concentration 
followed the same time course as in guinea-pigs. It seems likely, therefore, 
that the S:P ratio gives a true indication of the iodide-concentrating power of 
the salivary glands in all the species investigated. The S:P ratios in dogs, 
especially those for parotid saliva, show a greater degree of variability than 
that observed in the other species. Apart from the possibility that the re- 
peated injections of pilocarpine, which were required to produce residual saliva 
in dogs 4 and 5, may have influenced the S: P ratio, we have no explanation for 
this variability. However, it seems clear from Table 2 that the dog’s parotid 
gland is capable of concentrating iodide to a degree comparable with that 


_ shown by the guinea-pig’s parotid. 


The absence of any relationship between rate of flow of saliva and S:P 
17 concentration ratio is a little unexpected, especially since others have 
found that the concentration of several electrolytes in the saliva is related to 
the rate of flow (Thaysen, Thorn & Schwartz, 1954; Coats & Wright, 1957). 
Ferguson, Naimark & Hildes (1956) have shown that the S:P ™'I ratio for 
human parotid saliva tends to be higher at low rates of flow than at moderate 
or fast rates. However, in none of our experiments on humans did we obtain 
the low rates of flow at which the relationship shown by Ferguson et al. (1956) is 
most obvious (their Fig. 2). Whatever the cause of this discrepancy, there is 
no evidence of an increase in the S:P ratio with increasing rates of flow, such 
as would be expected if iodide were concentrated in the saliva by selective 
reabsorption of water by the ducts. _ 

The results summarized in Table 4 show that the power of the salivary 
glands to concentrate iodide varies widely in different species. Concentrating 
power is high in humans, dogs, mice, hamsters, guinea-pigs and cotton-rats, 
moderate in Mastomys and cats, weak in rabbits, and almost absent from rats. 
Further, when concentration occurs it is not always brought about by the 
same salivary glands. In humans it is effected in the parotid and submandi- 
bular glands; in dogs in the parotid; in mice and hamsters it is brought about 
by the submandibular gland. In Mastomys also, indirect evidence points to 
the submandibular gland. In guinea-pigs and cotton-rats concentration is 
due mainly to the parotid gland, but the submandibular and sublingual may 
also contribute. In rabbits, and even more so in cats, concentration seems to 
be due almost entirely to the glands in the soft palate. 

The S:P ratio for each salivary gland is in all cases only a fraction of the 
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S:P ratio for the corresponding saliva. This is not surprising, since in most 
glands the iodide-concentrating mechanism is confined to a small proportion 
of the tissue digested. In hamsters (Cohen et al. 1955) and mice (Logothe- 
topoulos & Myant, 19565), it is confined to the cells lining the intralobular 
ducts. There must also have been a certain amount of fat and connective 
tissue in all the tissue samples. For the most part there is a fair degree of 
correlation between the S:P ratios for the salivary glands and for the saliva 
they secrete, but there are exceptions to this. In guinea-pigs, for instance, the 
S:P ratio for the parotid is among the lowest observed for this gland (Table 1), 
whereas the S:P ratio for the parotid saliva of the guinea-pig is high. In this 
case the discrepancy may be due to the high fat content of the guinea-pig’s 
parotid. With regard to the high S:P ratios for the human salivary glands, it 
would be unwise to draw firm conclusions from a single set of observations 
made under abnormal conditions. However, the high values are unlikely to 
be due to an error in measuring the concentration of “I in the serum, or to 
disappearance of “I from the serum after death, since the muscle:serum 
131] concentration ratio was close to that reported by other workers (Trunnell, 
Duffy, Godwin, Peacock, Kirschner & Hill, 1950). 

It might be thought that a comparison between the histological appearance 
and the iodide-concentrating power of the different salivary glands would 
reveal something of the underlying mechanism. However, histological ex- 
amination of the salivary glands from different species (Cohen & Myant, 
unpublished) has failed to reveal any particular type of cell or structure 
common to those glands in which the mechanism is most active. The finding 
that the iodide in the saliva of cats and rabbits is secreted chiefly in the mucus 
from the soft palate raises the possibility that in these species the iodide is 
carried into the saliva by a muco-polysaccharide. The slight concentration of 
iodide in cat’s sublingual saliva is consistent with this, since in cats the sub- 
lingual saliva contains mucus. However, the ability to concentrate iodide is 
not a general property of mucus-secreting cells, since iodide is not concentrated 
by the sublingual glands of rodents or by the mucous cells in the stomach of 
the hamster (Logothetopoulos & Myant, 1956a). Nor is secretion of mucus a 
necessary condition for iodide secretion, since the iodide-concentrating mechan- 
ism has been shown to be present in the intralobular ducts of the submandi- 
bular glands of hamsters (Cohen et al. 1955) and mice (Logothetopoulos & 
Myant, 19565); the cells lining the ducts do not contain mucus. Basal stria- 
tions are conspicuous in the intralobular ducts of mice, hamsters and Mastomys. 
However, they do not appear to be related to the iodide-concentrating mechan- 
ism, since they are equally conspicuous in the intralobular ducts of rats, in 
which iodide is not concentrated, and are absent from the mucous glands of 
the soft palate in cats and rabbits. 

There seems to be little relationship between the iodide-concentrating 
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power of the species we have examined and their biological affinity with one 
another. Hamsters and cotton-rats belong to the same family (Cricetidae) of 
the rodents, but iodide is concentrated by the submandibular in the one, and 
by the parotid in the other (Tables 1 and 4). Although iodide is concentrated 
in the mixed saliva of the cat and the dog, both carnivores, there is little 
similarity in the site of the concentrating mechanism. Mastomys belongs to 
the family Muridae, which also contains the rat and the mouse, but its exact 
position within this family has not yet been decided. In certain respects it is 
closer to a mouse, in others to a rat (D. H. 8. Davis and A. G. Oettlé, personal 
communication). In the histology of its salivary glands and in the high S:P — 
ratio for the submandibular gland it is more like a mouse than a rat. The 
striking difference between rats and mice suggested the possibility that the 
failure of laboratory-bred rats to secrete iodide might be due to artificial 
selection having eliminated a gene controlling iodide secretion in the saliva. 
However, this appears to be ruled out by the fact that the iodide-concentrating 
mechanism is equally feeble in two different strains of hybrid rats, and also in 
wild rats. Any hypothesis as to the function served by iodide secretion in the 
saliva must take into account the fact that it does not occur in rats. 


SUMMARY 


1, After injections of radio-iodide the saliva:serum ™I concentration 
ratio was measured for mixed saliva and for saliva obtained from separate 
salivary ducts in cats, dogs, rabbits, guinea-pigs, cotton-rats, mice, hamsters, 
Mastomys and humans. Observations on iodide concentration were also 
made on biopsy samples of the salivary glands. 

2. lodide-concentrating power varied widely in the different species and in 
different salivary glands of a given species. 

3. Concentrating power was high in humans, dogs, mice, hamsters, guinea- 
pigs and cotton-rats, moderate in Mastomys and cats, weak in rabbits, and 
negligible in rats. 

4. In humans concentration of iodide was brought about by the parotid 
and submandibular glands; in dogs by the parotid; in mice, hamsters and 
Mastomys by the submandibular; in guinea-pigs and cotton-rats by the paro- 
tid and possibly also by the submandibular and sublingual. In cats and rabbits 
concentration was due to secretion by the glands of the soft palate and the 
adjacent part of the cheek. 

5. Histological examination of the salivary glands failed to reveal any 
special type of cell peculiar to the glands in which the iodide-concentrating 
mechanism was present. 

6. The I in the parotid and submandibular glands taken from a human 
who had died after a dose of radio-iodide was analysed by chromatography. 
In both glands more than 95% of the I was identified as iodide. 
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THE EFFECTS OF INJECTING ACETYLCHOLINE INTO 
NORMAL AND REGENERATING NERVES 


By J. DIAMOND 
From the Department of Physiology, University College London 


(Received 1 October 1958) 


There is ample evidence that some part of the peripheral ending of a receptor 
nerve fibre is sensitive to acetylcholine and related substances, whilst the 
test of the fibre is not (Gray & Diamond, 1957). The reason for this peculiar 
pharmacological property of receptor nerve terminals is unknown, but it is 
unlikely that acetylcholine plays a direct part in the initiation of impulses at 
these endings during normal activity (Diamond, 1955). The present investiga- 
tions were made to determine whether or not the endings of regenerating nerves 
show a similar sensitivity to acetylcholine, and to compare the results from 
such growing endings with those obtained from the normal terminals of motor 
and receptor nerves. The results suggest that the terminals of regenerating 
receptor nerves do in fact behave like the normal terminals of such nerves in 
being excitable by acetylcholine. Though it is not conclusive, evidence is 
presented suggesting that the endings of both normal and regenerating motor 
nerves are relatively insensitive to acetylcholine. During this work the 
incidental observation was made that in the normal sural nerve trunk of 
rabbits, or in tissue closely applied to it, there are nerve endings which are 
excitable both mechanically and by acetylcholine. A preliminary report of a 
part of this work has been published (Diamond, 1957). 


METHODS 

Application of drugs. Injections were made, using the ‘close arterial’ technique, into the sural, 
and in some experiments the lateral and medial popliteal, nerves of rabbits anaesthetized with 
urethane (1-8 g/kg). Fig. 1 indicates the anatomy of the popliteal region; the branch of the pop- 
liteal artery supplying this region was clamped at A during an injection, and blood flow was 
restored by releasing the clamp between injections. These were made into the lateral branch, B, 
which was cannulated with a hypodermic syringe needle. Before injections were begun the 
animal was given heparin intravenously (1000 iu./kg). All the accessible side branches of the 
artery were ligated close to theif origins except C; this was ligated distal to the point where it 
invariably gave origin to a vessel supplying the adjacent sural and popliteal nerves. Further, 
fine vessels supplying the sural nerve, which is usually closely applied to the main artery, were 


dd 
| 
a 
¢ 
fe 
4 
wid 


612 J. DIAMOND 


/ tecognined under the dissecting microscope and preserved. The distribution of injected material 
depended on the volume injected and on the point at which the peripheral end of the main artery 
was clamped; although many points have been used, most injections were made with a clamp 
applied either just distal to the origin of branch C, the ‘high’ position, H, or some 3-4 cm peri- 
pheral to this at the ‘low’ position, L. When the lateral and medial popliteal nerves were used, 
the high clamp was applied and a small artery which supplies them, having its origin from the 
cannulated artery, B, was left intact. The lateral popliteal nerve was ligated and cut just distal 
to the point of entry of this artery, and the medial popliteal was similarly treated close to the 
gastrocnemius muscle. When the sural nerve only was used, the popliteal nerves, in addition to 
being divided at the gastrocnemius level, were also divided at a point some 2-4cm above 
the muscle. The perfused region was displayed by injecting Indian ink at the end of most experi- 
ments; its approximate extent is indicated in Fig. 1 by brackets, the letters H and L indicating 
the use of the high clamp (injection volume, 0-1-0-3 ml.) and low clamp (0-3—-0-4 ml.), respectively. 
In the majority of experiments the most rapid staining of the nerve occurred when the high 
arterial clamp was applied. 
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Fig. 1. Diagram of popliteal region, left hind leg of rabbit, prepared for experiment on sural nerve. 
A, clamp on main artery; B, cannulated side branch of artery; C, small branch artery to 
sural nerve; H, position of high clamp; H‘ plus bracket = perfused region when high clamp 
applied; L, position of low clamp; L’ plus bracket = perfused region when low clamp applied ; 
Ec, central recording electrodes on sural nerve; Kp, peripheral recording electrodes on sural 
nerve. Arteries were accompanied by corresponding veins (not indicated in diagram). 


Drugs were dissolved in Ringer—Locke’s solution, of the following composition (mm). NaC! 
154, KCl 5-6, CaCl, 1-8, NaHCO, 1-8, glucose 5-6. | | 

Recording. When receptor nerve fibres (sural) were investigated, impulses were recorded from 
the sural nerve at points some 6 cm above, and in a number of experiments some 5 cm below, the 
level of the high arterial clamp (Fig. 1, Ec and Ep). The whole nerve was cut at both points. When 
motor fibres (lateral and medial popliteals) were investigated, impulses were recorded from lumbo- 
sacral ventral roots; in a few experiments simultaneous records were obtained from receptor 
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nerve fibres in the corresponding dorsal roots. The electrodes used were platinum wires, and 
impulses were amplified and displayed on a double-beam cathode ray oscilloscope, and photo- 
graphed on moving paper. Injections were usually signalled on the second beam of the oscillo- 
scope, the signals indicating the duration of contact of the finger with the syringe plunger; this 
system probably gave an over-estimate of the actual duration of the injection. 

Regeneration experiments. Nerve lesions were made, under aseptic conditions, at times which 
varied from a few hours to a few months before the acute experiment. The animal was anaes- 
thetized with Nembutal or Pentothal (pentobarbitone or thiopentone; Abbott Laboratories: 40— 
50 mg/kg) and ether, and the sciatic nerve was exposed in the thigh and popliteal region. Three 
types of lesion have been made: 

(a) crushing with smooth-tipped forceps or modified artery forcept for 20-30 sec; 

(6) cutting, with subsequent apposition of the cut ends; the apposition was maintained either 
with fine thread sutures through the epineurium, or by simply restoring the cut ends to their 
original site within the investing connective tissue sheath, in which a slit had been made to extract 
the nerve initially; 

(c) removal of abows' © mm or more of nerve, which resulted in the formation of an ‘end- 
neuroma’ on the proximal stump. 

The site of the nerve lesion varied in different animals from just below the level of the trochanter 
to the popliteal region, and for sural nerves to the mid-calf region; most lesions were made above 
the upper limit of the perfused length of nerve shown in Fig. 1. 


RESULTS 


Bural neree Normal nerves 


The close arterial injection of acetylcholine (10-5-10-* g/ml.) excited im- 
pulses which were recorded at the electrodes placed central to the perfused 
region of the nerve (Hc, Fig. 1). The discharge was, in part, due to mechanical 
stimulation by the pressure.of the injection, but the magnitude of the response 
to acetylcholine always exceeded that due to a control injection of Locke’s 


~ solution (Figs. 2, 3) or blood. The number of fibres which appeared to be 


excited depended on the length of nerve perfused. When this was short, i.e. 
when the high clamp was applied (H, Fig. 1), the effect of an injection was 
absent or slight, usually involving a few small fibres, as evidenced by the 
spike heights (Fig. 2a, 6). When the greater length of nerve was perfused 
(L, Fig. 1)-many more, and often larger, spikes were initiated by the drug 
and usually also by the mechanical stimulus, though the latter effect did not 
occur in the experiment illustrated (Fig. 2c, d). The largest response of all 
occurred when the artery was not clamped at all, so that the injected fluid 
passed peripherally to the skin innervated by the sural nerve; when this 
happened the response to acetylcholine often outlasted the injection by many 
seconds (Fig. 2/). This long discharge was not obtained after the nerve was 


~ cut at the level of the low.clamp; the responses to acetylcholine while the 


clamps were applied were unaltered or only slightly diminished after nerve sec- 


. tion at this level. It was clear from a comparison with records of nerve activity 


following mechanical stimulation of the skin that the effects of the injections 
into the artery supplying the nerve trunk were limited to a small fraction of 
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the total fibres available. Moreover, injections of KCl-enriched Locke’s 
solution excited many more fibres than did acetylcholine. 

Nicotine was used in doses similar to those which were effective for acetyl- 
choline, but was always less effective, and sometimes without effect, on the 
normal nerve. 

Site of nerve excitation. If the region of the nerve excited by acetylcholine 
were remote from the end of the nerve, then it would be expected that impulses 
would travel in both directions from the point of their initiation. This pos- 
sibility was investigated by placing electrodes on the whole sural nerve at a 


Fig. 2. Activity in twig of normal sural nerve. In this experiment the nerve was not cut off from 
the skin. In this and subsequent figures, each pair of records shows impulses (above) and 
duration of injection (below); HC =high arterial clamp applied; LC =low arterial clamp 


_ applied; VC =no arterial clamp applied; ACh =acetylcholine; unless otherwise stated, im- _ 


pulses in the nerve were recorded from the central electrodes (Zc in Fig. 1). (a) HC, 0-25 ml. 
Locke’s solution; (6) HO, 0-25 ml. ACh 10~ g/ml; (c) LC, 0-4 ml. Locke’s solution; 
(d) LC, 0-4 ml. ACh 10~ g/ml. ; (e) NC, 0-4 ml, Locke’s solution; (f) NC, 0-4 ml. ACh 10-* g/ml. , 
All records, particularly the first four, include ‘spontaneous’ impulses arising at peripheral 
receptors in the skin; they were unrelated to the injection and were abolished by cutting the 
nerve from the skin. See text for explanation of the long-lasting discharge in (/). 
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point peripheral, as well as at one central, to the region perfused (Ep, Fig. 1) 
and repeating the injections. It can be seen from Fig. 3c that even when the 
longer nerve perfusion was used (clamp L, Fig. 1), neither the pressure stimu- 
lus nor acetylcholine excited impulses which were conducted as far peripherally 
as the electrodes. The drug was certainly reaching nerve fibres, for a similar 
injection of KCl-enriched Locke’s solution excited a discharge of impulses 
which were recorded at both pairs of electrodes (only the peripheral record is 
shown in Fig. 3). An injection of Indian ink in such experiments showed that 


Fig. 3. Activity in twig of normal sural nerve. (a) (b) recorded with central electrodes (Hc, Fig. 1), 
LC, (a) 0-3 ml. Locke’s solution; (6) 0-3 ml. ACh 10~-* g/ml.: (c), (2) recorded with peripheral 
electrodes (Hp, Fig. 1). LC (c) 0-3 ml. ACh 10~ g/ml.; (d) 0-3 ml. KCl solution. In this and 
subsequent figures, KCl solution refers to KCl 1-2% in Locke’s solution. 


when the ‘short’ perfusion was adopted the region perfused included only the 
nerve, the adjacent artery and its branch to the nerve, plus a small amount of 
adherent connective tissue. With the ‘long’ perfusion, the length of artery and 
nerve involved was extended peripherally, and often a small amount of gastro- 
chemius muscle immediately below the artery was also stained with the Indian 
ink, There was, however, never a detectable muscle response during an injec- 
tion of acetylcholine or KCl-enriched Locke’s solution with the high clamp 
applied, and rarely one with the low clamp. The simplest explanation of these 
results (which occurred in the presence of atropine) is that the acetylcholine 
was exciting fibres which ended in the nerve trunk itself, the artery or local 
connective tissue; presumably the impulses were initiated at or near the ter- 
minals, and were then conducted centrally in the sural nerve, as is illustrated 
schematically in Fig. 4. 
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Motor fibres in the popliteal nerves 

Two types of experiment were done on motor fibres. In the first, the medial 
popliteal nerve was tied and cut just above the gastrocnemius muscle, and the 
muscle arteries were ligated; the high clamp was applied to the main artery 
(see Methods, and Fig. 1), and thereafter injected fluids could reach only the 
nerves. In the second type, the low arterial clamp was applied and sufficient 
side arteries were left patent to allow injected fluid to pass into the gastro- 
cnemius muscle, as well as into the popliteal nerves above. Recording elect- 
rodes were applied to lumbosacral ventral roots, the correct roots being identi- 
fied by stimulating them and noting muscle movements, and by stimulating 
the popliteal nerves in the thigh and noting the appearance of an antidromic 

volley in the roots, corresponding with muscle activity below the knee. 

Central evoked impulses Peripheral 

electrodes 4 ACh-evoked impulses electrodes 


Nerv 


\\ 


Artery 


VS 


Injection 


Fig. 4. Schematic representation of normal sural nerve and adjacent artery, showing 
postulated nerve end organs excited by ACh or by a mechanical stimulus (see text). 


In the first type of experiment, in which injections reached nerve only, | 
neither the pressure stimulus nor acetylcholine excited impulses which could 
be detected in the corresponding ventral roots. That the drug was reaching the 
nerve fibres was indicated by the positive response to an injection of KCI- 
enriched Locke’s solution, and by the visible staining inside the nerve trunk 
after Indian ink was injected. 

The results from the second type of experiment, in which injections certainly 
reached the vicinity of the motor nerve endings in gastrocnemius muscle, 
differed to some extent from the findings of Masland & Wigton (1940), who 
did similar experiments. In the present experiments an injection of acetyl- 
choline always evoked the twitch-like response of gastrocnemius muscle; 
an associated discharge of antidromically conducted impulses in the ventral 
roots occurred only occasionally, however. Typically, of the ventral roots 
known to include motor fibres to gastrocnemius, one, and rarely two, were 
found which included but one, two or three fibres activated by the acetyl- 
choline injection. The effect was repeatable only for a few injections, and then 


4 
a 
r 
> 
» 


ACh AND REGENERATING NERVES - 617 


could not be elicited although the muscle was still visibly twitching when each 
injection of acetylcholine was made. In some experiments in which the muscle 
responded vigorously to acetylcholine, there was no detectable back-firing 
in motor fibres. In all experiments the muscle responded to electrical stimula- 
ion of the ventral roots used. Indian ink injections made at the end of each 
experiment revealed an extensive perfusion of gastrocnemius muscle. 


Regenerating nerves 

Site of the regenerating terminals. The region of the nerve trunk where impulses were most readily 
elicited by mechanical stimulation (tapping the nerve directly with a light stylus) was taken as 
the site of the regenerating endings. With practice, it proved possible to define within 1-2 mm 
the most peripheral point where the applied stimulus was effective. In most experiments crushing 
the nerve even 2-3 mm peripheral to this point elicited no impulses, but crushing at or central to 
it was always effective. In view of the findings of Gutmann, Guttmann, Medawar & Young 
(1942) it seems probable that the method adopted here defines the site of the furthest-grown fibre 
terminals to within about 5 mm or less. The scatter along the nerve of the regenerating terminals 
depended on how much time had elapsed since the lesion was made. No systematic study has 
been made of growth rates, but in general the rates of regeneration of the fastest growing fibres 
agree closely with the figures of Gutmann et al. (1942); such fibres usually gave rise to large and 


_ medium sized spikes; the most slowly regenerating fibres were usually very small, as suggested 


by their spike heights. The largest spikes were usually elicited by mechanical stimulation of the 
nerve at a point which corresponded to a regeneration distance which was less than that of the 
fastest growing fibres. 

Sural nerve fibres 


Provided that the growing ends of some of the regenerating fibres lay in the 
perfused region of the nerve (see above), an injection of acetylcholine (0-1- 
0-2 ml., 10-5-10-* g/ml.) always excited impulses which were conducted to the 
central, but not to the peripheral, electrodes. Nicotine was as effective as 
acetylcholine in similar doses; examples of responses evoked by both drugs 
re shown i in Fig. 5. The differences between the effects in normal and re- 
g nerves are discussed in a later section. If spike heights are taken 
tor of fibre size, the results show that large and small diameter 
fibres respomed to acetylcholine and to nicotine; in most experiments the 
smallest effective doses of the drugs excited only the smallest fibres; a thicken- 
ing of the baseline in some instances suggested that unmyelinated fibres, or 
the smallest myelinated ones, were participating in the response. In some 
preparations in which acetylcholine excited impulses, there was no response 


excited mechanically by the injection (Fig. 6). In these experiments there was 


evidence that the perfusion of the nerve was inefficient (e.g. following an 
injection of KCl-enriched Locke’s solution, which often would fail to excite 
impulses, there was a profound block of the terminals to direct mechanical 
stimulation for 20-60 min after the blood flow was restored). 
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Fig. 5. Activity in twig of regenerating sural nerve (crushed 16 days previously); HC for all 
records. (a) 0-25 ml. Locke’s solution; (6) 0-25 ml. ACh 10~* g/ml. (break in lower trace 
indicates injection interval); (c) continued fromafb) after break of 20 sec; (d) 0-25 ml. nico- 
tine 10~* g/ml.; (e) continued from (d) after break of 20 sec. 
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Fig. 6. Activity in twig of regenerating sural nerve (cut 17 days previously). (a) HC, 0-3 ml. 


Locke’s solution; (6) HC, 0-3 ml. ACh 10~* g/ml. In this experiment an injection of KCI 
failed to excite impulses. 


Sue. of action of drugs 

It is possible that the mechano-sensitive endings of the regenerating fibres 
were excited secondarily, as a result of a direct action of the drugs on (a) 
local vascular smooth muscle, or (b) local skeletal muscle underlying the nerve. 
The latter includes the possibilities of excitation due to both mechanical and 
electrical muscle activity. 


Vasomotor effects. It is unlikely that these contributed to the responses for 
the following reasons: 

(1) Atropine (up to 10 mg/kg injected intravenously before the popliteal 
region was opened up) did not prevent the stimulating action of aca 
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(2) Injections of the vasomotor substances adrenaline, noradrenaline and 
sodium nitrate, in doses known to cause vasomotor changes, were no more 
effective in eliciting impulses than control injections of Locke’s solution, the 
animals’ own blood, or 0-9°% NaCl. 

(3) The effects of both acetylcholine and nicotine were prevented by a 
previous injection of hexamethonium (see below), which does not normally 
block the direct action of acetylcholine on vascular smooth muscle. 

(4) Regenerating motor nerve endings, which are also sensitive to mechanical 
stimulation, were not excited by injections of acetylcholine which evoked a 
response in regenerating receptor nerves (see below). 

Skeletal muscle effects. These too may be excluded as beiny responsible for 
the effects described above, because: 

(1) There was no visible muscle contraction during responses evoked by 
acetylcholine or nicotine. 

(2) When the ‘short’ perfusion technique was used, it was possible to 
prevent the nerve response to drugs by clamping the side artery C (Fig. 1), 
thus diverting the injected fluid into muscle arteries which in these experi- 
ments had been deliberately left patent; when the artery C was unclamped, 
injections of acetylcholine again evoked impulses in the nerve. 

(3) When the ‘short’ perfusion technique was used, in most preparations 
an injection of Indian ink revealed that no muscle tissue was infiltrated. 

(4) The close arterial injection of acetylcholine into the gastrocnemius 
muscle caused a visible muscle twitch, but only evoked impulses in the nerve 
in a few experiments in which the regenerating endings had grown as far as 
the middle of the calf; even then the nerve response was brief and did not 
extend beyond the injection period. 

(5) Spontaneous muscle twitching and fasciculation, which readily occurs 
after an intravenous injection of eserine, never caused impulses to appear in the 
sural nerve even when the muscle directly underlying the nerve was visibly 
active. 

These observations exclude the two possibilities that the nerve endings 
were excited mechanically, and that they were excited by muscle action 
potentials. 


Type of fibre excited 

It may be concluded from the above that acetylcholine and nicotine acted 
directly on fibres in the sural nerve. There is one important possibility which 
must be considered before it can be conc’~*ed that it was regenerating fibres 
which were excited. The results previously described for the normal sural 
nerve suggest that this nerve may contain endings which are functional end- 
organs. It is possible that during regeneration these endings become functional 
again, and that it is on these that acetylcholine acts, which would be in 
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keeping with bie is already known of the pharmacology of normal receptor — 


nerve terminals. This possibility has not been excluded, but the following 
findings suggest that it does not explain all the effects which have been 
observed. 


(1) When the results from all experiments were pooled, a rough correlation © 


was obtained between the number of fibres which appeared to be active during 
the response to acetylcholine, and the number of regenerating fibres which 
ended in the perfused region of the nerve (determined as described previously). 
The evoked response was greatest when most of the fibres ended in the region 
of the nerve included in the bracketed length H in Fig. 1, and when the high 
rather than the low arterial clamp was applied. When the fastest growing 
fibres had reached only the upper limit of the perfused region of the nerve, 
then the drugs excited only a few fibres; their spike heights were similar to 
those elicited by mechanical stimulation of the nerve at this upper limit. 
In an animal in which re-innervation of the skin appeared to be complete, the 
findings resembled those in a normal control nerve, except for a tendency for 
the responses to outlast the injection by a second or two. In a few of such 
animals acetylcholine or nicotine evoked a typical response in very small 
fibres. Summing up all these results, one can describe the time course of the 
drug-sensitivity of the short perfused length of nerve as beginning at zero 
(when the lesion was made), becoming slight (a few medium-sized spikes), 
then reaching a maximum (many spikes, wide range of amplitudes), maintain- 
ing this maximum (many smaller to very small spikes), and then diminishing 
to a minimum (short burst of a few small spikes). Clearly such a time course 
also reflects the pattern of regeneration in the sural nerve (see earlier), ending 
in the restoration of the normal nerve picture. 

(2) The duration of typical responses to acetylcholine or to nicotine, even 
when obtained with the short length perfusion, was considerably greater 
than any obtained from the normal nerve. The responses in regenerating 
nerves were comparable, both in terms of number of active fibres and duration 
ps discharge, with those obtained from receptor nerve endings in the skin 
(Fig. 2). 

(3) A proximal stump end neuroma (see Methods) lying at the upper limit 
of the perfusion area gave results typical of those obtained from experiments 
in which conventional nerve regeneration was allowed. 

It is difficult, without making unjustifiable assumptions, to explain these 
findings on the basis of the refunctioning of the supposed end organs in 
normal nerve. A fourth point, though perhaps of less significance, is the 
finding that nicotine was always as effective as acetylcholine in the regenerating 
nerve, but was always much less effective than acetylcholine on the normal 
nerve. 


It might be argued that the differences between the results from the normal 
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and the operated animals depended on the interference with the local vascu- 
lature in the latter; this might cause a hold-up of an injected solution, thus 
allowing drugs to reach naturally occurring endings which were normally 
inaccessible, and to have a prolonged stimulating action. This is improbable 
for the following reasons. 

(1) The results on regenerating fibres in the popliteal region were typical 
even when the site of the nerve lesion:was high in the thigh, and when there 
had been no initial exposure of the region to be subsequently perfused. 

(2) The results from the normal sural nerves of control animals were typical 
even when the popliteal region had been exposed at a previous operation, and 
the medial popliteal nerve cut, with deliberate interference to the local blood 
supply to the sural. 

(3) In many experiments there was visible evidence under the dissecting 
microscope that the nerve perfusion was adequate, and similar to that in 
‘control’ experiments; for vessels on the sural nerves blanched as injections 
were made, and reddened rapidly when the blood flow was restored. 

It is concluded that impulses were set up in regenerating fibres in the sural 
nerve by acetylcholine and by nicotine. It is clear from what has been said 
above that the drugs acted not everywhere on the axon, but somewhere 
peripherally, presumably at or near the growing tip. A further indication of 
this was given by the finding that crushing the nerve at the region of greatest 
mechanical sensitivity, which must have been the site of most of the growing 
ends in those experiments in which the regeneration time was only a few 
days, markedly reduced or abolished the response to acetylcholine and to 
mechanical stimulation; there was, however, a much smaller reduction in the 
response to an injection of KCl-enriched Locke’s solution, which is unlikely 
to act only at the nerve endings. Moreover, the early onset of the sensitivity 
to acetylcholine (see below) and the time course of its development point to the 
terminal region of the regenerating fibre as being the site of action of the drug. 


Other pharmacological properties 

A preceding injection of eserine (10-° g/ml.) reduced the minimum con- 
centrations of acetylcholine necessary to evoke a response, but did not affect 
the sensitivity to nicotine detectably. The response both to acetylcholine and 
to nicotine was prevented by a previous injection of hexamethonium (e.g. 
1-5 mg/kg intravenously, or 0-1-0-2 ml. of 10-* g/ml. intra-arterially); an 
example of this is shown in Fig. 7. It has not been possible to reverse the effect 
of hexamethonium; the extent to which effective perfusion could be continued 
was limited, apparently by the occurrence of visible oedema. However, even 
when excitation by acetylcholine or nicotine was prevented by hexamethonium, 
there was no obvious reduction in the response of the endings to mechanical 
stimulation (e.g. Fig. 7). 
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Onset of sensitwity 

Two difficulties impeded the determination of the minimum interval between 
the production of the nerve lesion and the onset of the sensitivity to acetyl- 
choline. First, it was necessary to make the initial lesion actually in the 
length of the nerve which was subsequently to be perfused. Because of this 
there was always a possibility that injected drugs would act on endings already 


Fig. 7. Activity in twig of regenerating sural nerve (crushed 18 days previously). HC all records. 
(a) 0-25 ml. Locke’s solution; (6) 0-25 ml. ACh 10~* g/ml.; (c) continued from (5) after 10 sec 
break. (d) 0-25 ml. ACh 10~* g/ml.; (e) 0-25 ml. ACh 10-*g/ml. Between (c) and (d), 
1 mg hexamethonium was injected intra-arterially. (A few large spikes in (a) and (b) re- 
touched.) 


present above the lesion, and unrelated to any regeneration which might occur. 
Secondly, the successful perfusion of the region of the nerve lesion required 
that the local blood supply should be re-established. Responses have been 
accepted as probably occurring in regenerating fibres if they satisfied all the 
following : 

(a) They were evoked by nicotine as well as by acetylcholine. 

(6) They outlasted the injection by more than 3-4 sec. 

(c) They occurred when the high arterial clamp was applied. 
On this basis there have been unequivocal effects at 3 or more days after the 
initial lesion was produced; fairly convincing responses occurred (though 
fewer fibres were active) after an interval of 1-2 days. In experiments made 
12 hr after the initial lesion excitation occurred particularly in very small 
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fibres, as indicated by spike heights; shorter intervals have been used, and 
positive effects obtained (e.g. at 6 hr), but no reliance can be placed on these 
experiments. Certainly the larger fibres were not involved in the responses 
obtained less than 2 days after making the lesion. It is clear that the most 
satisfactory effects were obtained in preparations in which the regenerating 
fibres can be assumed to have penetrated the scar tissue and entered the distal 
portion of the nerve trunk (Cajal, 1928). 


Motor fibres in the popliteal nerves 

The perfusion of the popliteal nerves was poor compared with that of the 
sural nerve. Often after only one or two injections had been made, an injec- 
tion of KCl-enriched Locke’s solution failed either to excite impulses which 
could be detected in the dorsal or ventral roots, or temporarily to prevent 
their excitation by a mechanical stimulus applied to the region of the nerve 
endings. This was taken to indicate the failure of a significant quantity of the 
injected fluid to reach the nerve fibres; when such evidence was obtained the 
experiment was abandoned. This criterion of a successful nerve perfusion 
seemed justified by results obtained from experiments with the sural 
nerve. 

In ten experiments, acetylcholine, and when it was tried nicotine also, 
failed to excite any impulses (in excess of those excited by a ‘control’ injec- 
tion) which were detected in any of the ventral roots supplying the popliteal 
nerves (Fig. 8). In one experiment only, an injection of acetylcholine, though 
not of nicotine, excited a brief burst of impulses which outlasted the injection 
by a few seconds; the impulses clearly occurred in a single fibre. A burst of 
impulses of varying spike amplitude was excited in all experiments by a 
mechanical stimulus applied to the region of the regenerating nerve endings, 
and in most experiments by an injection of KCl-enriched Locke’s solution 
(e.g. Fig. 8). In a smaller number of experiments in which the mechanical 
stimulus of an injection was usually ineffective, the effect of the K*+ was to 
prevent the response to a subsequent direct mechanical stimulus to the nerve, 
though it did not itself elicit impulses. It is relevant to note here that in many 
of the sural nerve experiments in which this occurred acetylcholine neverthe- 
less excited the regenerating fibres. In the experiment from which the records 
of Fig. 9 were taken, an injection of KCl excited very few fibres in the ventral 
roots; there was, however, a subsequent profound block to mechanical stimu- 
lation of the nerve. 

In some of the above experiments the furthest-grown endings had reached 
only the upper limit of the perfused portion of the nerve; in these experiments 
therefore the positive effect of K+ indicated that the injected fluid was almost 
certainly reaching the region of the nerve endings. Other evidence that the 
failure of acetylcholine to excite regenerating motor fibres was not due to their 
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Fig. 8. Activity in ventral roots supplying popliteal nerves (lateral and medial popliteal nerves 
crushed 19 days previously). Perfusion as described in Methods. (a) 0-20 ml. Locke's 
solution ; (b) 0-20 ml. ACh 10~* g/ml.; (c) 0-20 ml. KCI solution. 


injection 05 sec 

Fig. 9. Activity in ventral root (VR) and dorsal rootlet (DR) supplying popliteal nerves (lateral 
and medial popliteal nerves crushed 24 days previously). Perfusion as described in Methods. 
(a) VR, 0-15 ml. ACh 5 x 10~ g/ml.; (6) VR, 0-15 ml. KCl solution; (c) DR, 0-15 ml. Locke’s 
solution; (¢) DR, 0-15 ml. ACh 5 x 10~ g/ml.; (e) DR, 0-15 ml. ACh 5 x 10-* g/ml. (injection 
signal inserted below). Between (d) and (e) the main popliteal trunk was cut in the thigh, 
above the perfused region; thus record (e) indicates the ‘background’ discharge of impulses 
arriving at the particular dorsal rootlet used for obtaining records (c) (d) and (e). 
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inaccessibility was given by recordings made from corresponding dorsal and 
ventral roots. In five such experiments the injection of acetylcholine into the 
region of the regenerating endings excited an obvious discharge of impulses in 
fine twigs of the dorsal roots (Fig. 9) ; in two of these experiments, however, only 
small receptor nerve fibres were excited, as judged by the spike heights. In all 
five experiments acetylcholine was ineffective in exciting impulses which were 
detectable in the ventral roots. It is possible, of course, that different rates 
of regeneration of motor and receptor nerves would result in differences in the 
sites of the growing ends; in the present experiments the furthest-grown 
fibres were always those supplying dorsal roots, an observation which supports 
the possibility that motor fibres regenerate more slowly (cf. Gutmann et al. 
1942). Such experiments therefore do not necessarily provide proof that the 
acetylcholine did reach the motor nerve terminals. 

These results, though not conclusive, do suggest that regenerating motor 
nerves, in contrast to receptor nerves, are relatively insensitive to acetylcholine 
and nicotine. 

DISCUSSION 
Normal nerves 


The experiments have shown that an injection of any fluid into the arterial 
supply of the sural nerve of a rabbit evokes a discharge of impulses which 
are conducted only in a centripetal direction. This must be due to the excita- 
tion of mechanosensitive fibres in the nerve trunk or in the walls of the vessels 
supplying it. If the injected fluid contains acetylcholine the discharge of im- 
pulses is increased and prolonged. The simplest and most likely explanation 
of these results is that the sural nerve trunk and its adjacent tissues, in par- 
ticular the artery, contain mechanosensitive nerve endings, and that these, 
in common with other receptor nerve terminals, are sensitive to acetylcholine. 
There is no evidence that the acetylcholine excited nerve fibres which did not 
end in the perfused region, but passed through it. This can be done by injecting 
KCl solution through the same route; this provokes a response which differs 
from that produced by acetylcholine in that impulses are conducted both 
centripetally and centrifugally. 

A consequence of the above hypothesis is that the fibre population in the 
sural nerve central to the perfused region should exceed that lying peri- 
pherally. The results of Quilliam (1956) do not support this; however, his 
measurements would not reveal a difference of less than 34% of the total 
numbers, i.e. of about 50-60 myelinated fibres. In the present experiments the 
number of fibres which seemed to be excited by the pressure of an injection, 
or by acetylcholine, was only a small fraction of those activated by KCl or by 
mechanical stimulation of the skin. These results are not therefore incompatible 
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In contrast with its effect on the sural nerve, which does not contain fibres 
to skeletal muscle, acetylcholine evoked no response from motor fibres, as 
judged by recordings made from the ventral roots. Occasional small discharges, 
however, were recorded when the injected acetylcholine was allowed to reach 
and excite the gastrocnemius muscle. The present results were by no means 
as r and convincing as those quoted by Masland & Wigton (1940) in 
similar experiments. These authors reported that the arterial injection of 
acetylcholine in cats gave rise to a shower of antidromically conducted im- 
pulses in the motor nerves from gastrocnemius, associated with slow and 
irregular muscle contractions. However, their interpretation of such results as 
indicating a sensitivity of motor fibre endings to acetylcholine may be ques- 
tioned. Lloyd (1942) attributes the antidromic discharge of impulses in motor 
fibres that follows the synchronous twitch of a muscle to the excitation of the 
motor endings by the action potential of the contracting muscle; the effect 
disappears when the muscle is curarized. This may well be the explanation 
of the present results and those of Masland & Wigton, but curarization cannot 
be used as a means of deciding the question of chemical sensitivity of motor 
fibres, since curare would be likely to interfere with a direct effect on them of 
acetylcholine. It is also possible that motor nerve endings might occasionally 
be excited mechanically during the muscle response to acetylcholine, or as a 
result of an increased K+ leakage from the end-plate region of the muscle 
following its excitation by acetylcholine. 

The evidence from the present experiments strongly suggests that the 
terminals of normal motor fibres do not show the sensitivity to acetylcholine 
that distinguishes the endings of receptor nerves. 


Regenerating nerves 

The excitation of regenerating receptor nerves by acetylcholine or nicotine 
has been shown to result from a direct action on nerve fibres, and not to be 
secondary to effects on local smooth or skeletal muscle. It is extremely im- 
probable, on the basis of the present evidence, that the drugs could have 
produced all the observed effects by acting on re-functioning end organs, 
which may normally exist in the sural nerve. It is concluded that the ends of 
regenerating receptor nerves are excitable by acetylcholine, and have the 
pharmacological properties of normal receptor nerve endings and of autonomic 
ganglia. The early onset of their sensitivity to drugs following the nerve lesion 
is not incompatible with this conclusion, for nerve sprouting following experi- 
mental nerve crushes occurs within 6-12 hr (Perroncito, quoted and confirmed 
by Cajal, 1928). In contrast with regenerating receptor nerves, regenerating 
motor fibres appear to be relatively insensitive to acetylcholine, though the 
evidence for this is not conclusive. It may be that, even when injected, acety]- 
choline reaches the terminals, adaptation occurs too rapidly for impulses 
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to be initiated. Such a possibility could not be excluded by using the present 
experimental technique. 

The present results offer no evidence for a possible role for acetylcholine in 
the nerve, although the pharmacological structures acted on by the externally 
applied drug must be very similar to those at sites where acetylcholine does 
have a physiological function. Presumably these structures either form at an 
early stage of regeneration and are then pushed ahead by growth behind, or 
they are continually formed during regeneration, becoming ‘masked’ or 
modified as maturation to the normal fibre structure proceeds. In either case 
the excitable region is likely to be similar, or closely related, to that occurring 
at the mature receptor nerve terminal. As with normal mechanoreceptors, the 
effect of hexamethonium on regenerating endings is to prevent excitation by 
acetylcholine but not that due to mechanical stimulation. There may, of course, 
always be some growth occurring at normal receptor nerve endings; however, 
even if terminal growth and regeneration were identical, it would seem unlikely, 
in view of the apparent insensitivity of regenerating motor terminals, that the 
effects of acetylcholine are related to nerve fibre growth per se. The results 
probably indicate that the regenerating terminal is already possessed of some 
of the characteristics of the normal ending, though full maturation may 
depend upon peripheral influences operating at the region which was originally 
innervated. 

The present results might throw some light on the mechanism of causalgia. 
A current explanation invokes the possibility of an ‘artificial synapse’ involving 
current flow from active sympathetic fibres to receptor nerves at the site of a 
nerve lesion (Barnes, 1954). There are two further possibilities: (a) that acetyl- 
choline released in the vicinity (e.g. from cholinergic nerve fibres, Lissak, 
1939; Chang, Hsieh, Li & Lim, 1939) excites nerve sprouts from damaged 
receptor fibres, and (6) a rise of blood pressure (which is very likely to occur 
during conditions which are associated with causalgic pain) leads to mechanical 
stimulation of receptor nerve sprouts as a result of the increased pulse pres- 
sure in adjacent arteries. The relief of the pain of causalgia by the ganglion- 
blocking agent tetraethyl ammonium is compatible with both these possi- 
bilities, for it would probably block a direct effect of acetylcholine on the 
nerve endings, and would also prevent a rise of blood pressure, which might 
mechanically stimulate the endings. 


SUMMARY 


1. Close arterial injections of acetylcholine and other drugs have been 
made into both normal and regenerating nerves of rabbits. 

2. The injection of fluids into normal sural nerves excited a brief burst of 
impulses which were conducted centrally but not peripherally from the per- 
fused region of the nerve; acetylcholine increased this response. The impulses 
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appeared to be initiated at mechanoreceptors occurring in the nerve trunk or 
the adjacent artery. 

3. The injection of acetylcholine or nicotine into the region of regenerating 
sural nerve endings always excited a burst of impulses which outlasted the 
injection by many seconds. The effects of acetylcholine were potentiated by 
eserine, and blocked (as were those of nicotine) by hexamethonium. 

4. Acetylcholine and nicotine have been shown to act directly on the 
terminal region of the regenerating fibres. 

5. The sensitivity of the regenerating fibres to acetylcholine was usually 
apparent within 3 days of making the original lesion; some fibres may have 
been sensitive within 12 hr. 

6. The injection of acetylcholine into normal popliteal nerves failed to 
excite impulses detectable in the ventral roots unless the drug caused a 
contraction of gastrocnemius muscle, when occasionally a few motor fibres 
were excited. 

7. Acetylcholine, injected into regenerating popliteal nerves, normally 
failed to excite impulses detectable in the ventral roots; impulses evoked by 
the drug could be detected in the corresponding dorsal roots of a number of 
these preparations. 

8. It is concluded that the ends of regenerating receptor nerves resemble 
normal receptor nerve terminals pharmacologically. The evidence from 
regenerating motor fibres is not conclusive, but they appear to be relatively 
insensitive to acetylcholine and nicotine, and in this respect to resemble 
normal motor nerves. 

9. The possible relation between these results and the mechanism of 
causalgia is mentioned. 


I wish to thank Sir Lindor Brown for his support of this work; also Professor B. Katz, F.R.S., 
and Drs J. A. B. Gray and R. Miledi who read and criticized the manuscript. 
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Saito’s (1938) method of obtaining a concentrate of outer segments of retinal 
end organs is widely used in preparing extracts of visual pigments. The retinae 
are first shaken vigorously with a 35-45 %, solution of sucrose. This has a speci- 
fic gravity nearly the same as that of the outer segments (which are broken away 
by the shaking), but less than that of the other parts of the retina. Con- 
sequently, when the mixture is centrifuged the outer segments remain in sus- 
pension, and this can be withdrawn from the unwanted debris. Normally the 
suspension is then diluted and spun again to collect the precipitated outer 
segments in a compact mass. These are then extracted (e.g. with digitonin 
solution) in the usual way. 

Arden (19544), however, had the idea of using the actual suspensions as his 
working material and thus of studying the photosensitive pigment whilst it 
was still in its immediate natural environment. In spite of the technical diffi- 
culties of working with these suspensions (which scatter light very strongly) 
Arden (1954a, 6) was able to establish some important properties of the pig- 
ment derived from the retina of the common frog, Rana temporaria. Thus he 
found that when freshly prepared suspensions were bleached, the photo- 
product (identified as retinene) rapidly faded, even in darkness, to another 
substance identified as vitamin A. With aged suspensions, however, the second 
stage did not occur. This difference was ascribed by him to the presence in 
fresh rods of an enzyme which reduced retinene to vitamin A. 

Since vitamin A does not absorb appreciably in the longer wave-length regions 
of the visible spectrum, one might expect that the difference spectrum obtained 
by bleaching a fresh suspension would approximate closely to the true absorp- 
tion spectrum of visual purple or rhodopsin (A,,,,, =502). On the contrary, it is 
significantly displaced to longer wave-lengths (Anax, 505-510 my). This sug- 
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gested that suspensions might contain another pigment in addition to visual 
purple. This hypothesis gained support from the results of partial bleaching 
experiments on suspensions, and Arden (1954c) concluded that the dark- 
adapted retina of the frog contained—in addition to the 502 pigment—another 
substance having # much narrower absorption band (A,,,, =535 my) and a 
greater maximum photosensitivity. Arden supposed that in the normal pro- 
cess of extraction (e.g. with digitonin sulution) the 535 narrow-band pigment 
was destroyed ; thus accounting for its absence from the preparations of other 
workers. 

Arden was able to adduce a number of arguments in favour of the existence 
of this additional pigment in suspensions and the present work was, in fact, 
started with the object of gaining more information about it. In the outcome, 
however, the results obtained suggest a more conventional explanation for the 
differences which he observed between in situ and extracted visual purple. 


METHODS 
Preparation of the suspension of visual-cell outer limbs 
The suspension of outer limbs was prepared on 14 April 1955 from the retinae of twelve frogs 
(Rana temporaria) of combined weight 220 g. The frogs had been kept in darkness for about 40 hr. 
All operations were carried out in the light of a ruby dark-room lamp. 

The 24 retinae were gently washed in two 4 ml. portions of McIlvaine’s pH 4-6 buffer. The pale 
yellow washings were discarded. The washed retinae were then vigorously shaken with 2 ml. of 
37-5 (w/v), sucrose solution, a procedure which caused most of the outer limbs of the visual cells to 
become detached from the rest of the retina. On spinning the mixture at 4000 rev/min for 40 min 
in a centrifuge, the heavy retinal debris descended to the bottom of the tube, leaving a super- 
natant suspension of outer limbs above (Saito, 1938). This was withdrawn into a clean tube. The 
debris was then shaken afresh with 2 ml. of 35% sucrose and the procedure repeated to give a 
second yield of suspended outer limbs; this was added to the first. The pH of the suspension, as 
subsequently determined on combined bleached samples, was 5-53. The suspension was stored in 
darkness at room temperature. It was gently agitated to ensure its homogeneity on each occasion 
before a sample was withdrawn for experimental purposes. 


Quantitative extraction of photosensitive pigment from a sample of the suspension 

As part of the present investigation, a quantitative estimate was made of the photosensitive 
pigment both before and after it had been extracted (see Results). This involved the complete 
extraction (by a known volume of 2% digitonin solution) of the photosensitive pigment contained 
in a known volume of suspension. This was carried out in the following way. 

A 1 ml. sample of the suspension was carefully transferred into a clean centrifuge tube. The 
sample was then diluted with 3 ml. of McIlvaine’s pH 4-6 buffer solution. The object of dilution 
was to reduce the specific gravity and viscosity of the suspending medium so that the outer limbs 
could be precipitated. This was accomplished by spinning the diluted mixture at 4000 rev/min for 
2 hrin a centrifuge. At the end of this time the supernatant liquid was brilliantly clear and, as later 
inspection showed, quite free from photosensitive material. The supernatant liquid was withdrawn 
without disturbing the compacted sediment of outer limbs, and discarded. Since it was important 
to remove as much as possible of the liquid (as this would otherwise dilute the final extract of 
photosensitive pigment) the centrifuge tube was spun again in order to collect the small volume 
wetting the sides of the tube. In withdrawing this final quantity, only a minute trace of the ~ 
sediment was (unavoidably) sucked away. 
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The sediment of outer limbs was then extracted in one operation with 2 ml. of digitonin solution 
(prepared by adding 1/10 volume of saturated sodium borate solution to a freshly made 2% digi- 
tonin solution). The mixture was allowed to stand, with occasional stirring, for 1} hr and was then 
spun at 4000 rev/min for 20 min in a centrifuge. The supernatant extract of photosensitive pig- 
ment was then withdrawn from the sediment, and stored in a clean tube. Examination of the 
spent sediment then showed that the extraction had been practically complete, only the merest 
trace of colour being retained. The pH of the extract, as determined on the combined bleached 


samples, was 8-75. 
Apparatus and technique 

The apparatus for measuring the optical density spectra of visual pigment preparations, and for 
bleaching them by approximately monochromatic lights was as previously described (Dartnall, 
1952). In the present bleaching experiments a mirror was positioned behind the cell holder so that 
light transmitted by the photosensitive preparation was reflected back into it. Thus the light 
intensities used for bleaching were approximately double those of previous investigations. 

The stability of the preparations during the density measurements was, as usual, tested by 
making the observations at 20 my intervals in interlaced outward (400-620 my) and return (610- 
410 my) runs, All the measurements refer to a temperature of 20° C and to an optical path length 
of 0-5 cm. The temperature was also controlled at 20° C during the bleaching periods. 

The density spectra of the extract of photosensitive pigment were measured with respect to 
a control cell filled with the extracting solution (2% digitonin buffered with 1/10 volume of satur- 
ated sodium borate solution). With the suspension, however, the proportion of light transmitted 
was so small that it was impracticable to make the density measurements with reference to a 
control of the non-scattering suspending medium (35% sucrose solution). Consequently (as in 
Arden’s work) another sample of the suspension was used as control. With this arrangement it was 
found necessary to raise the intensity of the spectrum for measurement of optical densities. This 
was done by dispensing with the stray-light filters normally used when measuring solutions 
(Dartnall, 1952), and by opening both slits of the monochromator to twice their normal width 
(0-04 mm). In spite of this increase no significant bleaching of the suspension samples was caused 
during measurement. 

It was found advantageous, after filling cells with samples of the suspension, to allow them to 
stand for at least 4 hr before commencing observations. In this period any heavy debris disturbed 
in the filling process had time to settle. With this precaution, the initial differences between 
samples were found to be small and constant (see Figs. 1-3). 


RESULTS 
Test for the presence of a 535 pigment 
Working with aged suspensions Arden (1954c) found that difference spectra 
obtained by partial bleaching, though substantially alike, showed slight varia- 
tions which could be correlated with the wave-length of the bleaching light. 
From this and other evidence he concluded that the suspensions contained a 
second photosensitive pigment having a narrow absorption band with A,,,, = 
535 my, and contributing between 11 and 19% of the total photopigment 
density at 500 my. . 

According to Arden (1954c) ‘at wave-lengths shorter than 460 mp, the 
second pigment does not absorb at all’. This being so, prolonged exposure of a 
suspension to light of wave-length less than 460 my (which readily bleaches the 
502 pigment) should greatly increase the proportion of the 535 pigment remain- 
ing in the unbleached residue. 
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The following experiment has therefore been carried out. Two optical cells 
were filled with samples of the suspension (then 9 days old) and the optical 
densities of one measured with respect to the other. This yielded Fig. 1, curve 1. 
One sample was then exposed to approximately monochromatic light of domi- 
nant wave-length 440 my for a total of 4 hr, i.e. until the greater part of the 
photosensitive pigment had been bleached. The comparative densities of the 
two suspensions were then measured (Fig. 1, curve 2) and showed that at 
500 mp the exposed suspension had decreased in density by 0-232. It was then 
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Fig. 1. Partial bleaching experiment with the suspension when 9 days old. (a) curve 1, initial 
optical density of a sample D relative to a sample Z; curve 2, the same after exposure of 
sample E to blue-violet light (440 my) for 4 hr; curve 3, the same after further exposure of 
sample E to yellow-green light (550 my) for 10 min. (6) the difference spectra formed by sub- 
tracting curve 1 from curve 2 (©) and curve 2 from curve 3 ( x ); a single curve describes both 
difference spectra. Temp. 20° C. 
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re-exposed for 10 min to light of wave-length 550 mp. After a period of 15 min 
in darkness (to assist completion of any thermal changes which might have 
been unfinished in this brief exposure period) the comparative densities of the 
two suspensions were measured again (Fig. 1, curve 3), and showed that 
further losses in density—0-026 at 500 mu—had resulted. Both the exposed 
and unexposed suspensions were then left undisturbed in darkness during the 
night. The following morning their comparative densities were measured again 
and found to be substantially unchanged from those of the previous day, i.e. 
Fig. 1, curve 3. Finally, the partially bleached suspension was exposed for 
15 min toa 15 W lamp to ensure that all photosensitive material was bleached. 
This final exposure caused only slight density changes (not shown in Fig. 1) 
which were maximal at 500 my (0-025). 

The initial prolonged exposure to the 440 my light caused a density Line at 
500 my of 0-232, the additional 10 min exposure to the 550 my light a further 
loss of 0-026 and the terminal white bleach a final loss of 0-025. In other words, 
the initial exposure bleached 82% of the total photosensitive material origi- 
nally present. None of this 82% could have been the 535 pigment since the 
bleaching light had a wave-length less than 460 mu. Consequently, the remain- 
ing unbleached 18%, should have consisted very largely, if not entirely, of the 
535 pigment. But, as the difference spectra in the lower half of Fig. 1 show, 
there was no sensible difference between the ensuing bleach with 550 my light 
and the original one with 440 my light. 

This experiment suggests that the photopigment in the suspension is sub- 
stantially homogeneous, i.e. does not consist of a narrow band 535 pigment in 
addition to the 502 pigment. 


Causes of variations in the difference spectra 

Those slight variations in his difference spectra, which supported Arden’s 
(1954c) conclusion that a second pigment of A,,,, 535 my was present in sus- 
pensions, can certainly be obtained and require an explanation. One origin of 
them may have been in the thermal changes which, as shown in the following 
experiment, take place after photic bleaching. 

Two cells were filled with identical samples of the suspension when it was 
8 days old. The density differences between the two are given by Fig. 2, curve 1. 
One cell was then exposed for only 8 min to light from the monochromator 
(A=560 mz). Measurement of the differences between the cells was then im- 
mediately commenced, starting at 400 mp and proceeding by 20 mp steps to 
620 my (Fig. 2, curve 2). This took 22 min to do. The usual return and interven- 
ing measurements from 610 mu to 390 my then followed (Fig. 2, curve 3) an 
operation lasting 17 min. No further observations were made for about 14 hr, 
the unexposed and exposed cells being kept undisturbed in darkness at 20° C. 
Then, 2 hr and 7 min after the end of the original exposure period further 
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observations were made from 400 to 620 my (Fig. 2, curve 4), the time taken 
being 25 min. 

Clearly there had been a considerable thermal change in the suspension 
following the brief exposure to light. An approximate spectral distribution of 
this change is obtained by subtracting curve 2 from curve 4 to give curve 5 
(Fig. 2). It has A,,,, at about 460-470 my. 
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Fig. 2, Thermal changes following the rapid partial bleaching of the suspension when 8 days old. 
Curve 1, initial optical density of a sample D relative to a sample C; curves 2 and 3, the same 
after exposure of sample C to yellow-green light (560 my) for 8 min, curve 2 being the ‘out- 
ward’ and curve 3 the ‘return’ measurements; curve 4, repeat measurements after a lapse of 
1} hr. The arrows indicate the ‘direction’ in which the readings were taken. Curve 5, the dif- 
ference between curves 2 and 4, i.e. the thermal changes in sample C following irradiation. 
Temp. 20° C, 


After these measurements had been completed, the suspension was given a 
second 8 min exposure to the same light (560 mu) but of higher intensity. 
Thermal changes subsequent to this second irradiation occurred as before, as 
was shown by the differences (maximal at about 470 my) between the outward 
and return density runs (cf. Fig. 2, curves 2-3). On this occasion, however, 
they were not given time to reach completion, for the now 55% bleached sus- 
pension was forthwith exposed to a 15 W lamp for 15 min. This caused density 
losses apparently maximal at 498 mp—a low result which was probably due to 
inclusion of the latter part of the thermal changes following on the second 


560 my exposure. 
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No thermal changes occurred after the final exposure to the light of the 
15 W lamp. This suggests that the intermediate 460-470 mp chromophore, the 
thermal fading of which could always be observed after a bleaching with long- 
wave light, is photosensitive as well as thermally unstable. 

These experiments help to explain the (slight) variations in difference spectra 
which Arden (1954c) found in his partial bleaching experiments. For example, 
exposure of a suspension to light of long wave-length could, if insufficient time 
elapsed for completion of the thermal fading of the orange intermediate, yield a 
difference spectrum slightly ‘displaced to longer wave-lengths. If now the 
partly-bleached suspension were exposed to white light, the ‘tail-end’ of the 
fading would be completed photochemically, and would add to the bleaching 
of the remaining photopigment to give a difference spectrum displaced to 
shorter wave-lengths. 

A further source of variation in the difference spectra would be the presence 
(unsuspected at the time of Arden’s work) of green rods in his suspensions. The 
green rods were first described by Boll (1876) and Kiihne (1878), but until 
recently have received scant attention. According to Denton & Wyllie (1955) 


the green rods in Rana temporaria number 8 % of the total, the remaining 92 °%, 


being pink through their content of rhodopsin. The green rods appear thus 
coloured because they absorb strongly both in the blue region of the spectrum 
(430 mz) and also in the 560-680 my region, but not in the green. When they 
‘bleach’ only the blue-absorbing band is destroyed (Denton & Wyllie, 1955). 
This suggests that the green rods contain two pigments, one of which (blue- 
absorbing) is photosensitive while the other is photostable. 

Dartnall (1957) has reported that partial bleaching experiments on digitonin 
extracts of the Rana esculenta retina indicate the presence (in a large excess of 
rhodopsin) of a photosensitive pigment with A,,,. at about 430 mp. The opti- 
cal density (at 430 my) was about 6% of that of the main pigment rhodopsin 
at its maximum. It seems probable that the pigment 430 is the photosensitive 
component of the green rods. 

The presence of green rods could account for all the slight variations in dif- 
ference spectra found by Arden (Rushton, 1956). That is, provided we accept 
Kiihne’s (1878) observation that green rods are ‘bleached’ by red light as well 
as by blue light (but see Denton & Wyllie, 1955). This, presumably, would occur 
oe photosensitization of the 430 pigment by the stable red-absorbing 
pigment. 


Quantitative comparison between a suspension and an extract 
Arden (1954¢) observed that when a 2% solution of digitonin was added to a 
suspension, the outer limbs were destroyed and the pigment passed gradually 
into solution (2 hr), The density change at 500 mp which had occurred on 
bleaching a sample of the suspension before addition of digitonin was 0-2955, 
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whereas the corresponding change after the lysing by digitonin was only 
0-2653. The 10% reduction in density was interpreted as due to destruction of 
the 535 pigment by the digitonin. 

This experiment is a difficult one to do quantitatively and it seems possible 
that Arden did not extract all the photopigment from the outer limbs. It was 
decided, therefore, to repeat the experiment in a modified form. The object was 
first to estimate the density of photosensitive material in a freshly prepared 
suspension of outer limbs, and then—from another sample of known volume— 
to prepare a known volume of extract and to determine the density in this 
condition. 

The first part of this experiment was carried out by filling two optical cells 
with samples of the suspension when 1 day old. One sample was then com- 
pletely bleached by exposing it to a 15 W lamp for 15 min, the other, acting as 
a control, being kept in darkness under the same conditions (20° C). The results 
are shown in Fig. 3. Curve 1 gives the optical density differences between the 
two cells at the outset, and is the ‘ base line’ of the experiment. Curves 2, 3 and 
4 of Fig. 3 show the differences between them at various times after one of the 
cells had been exposed. The measurements in curve 2 were commenced im- 
mediately after the exposure period and took 21 min to obtain, the readings 
being taken from 400 to 620 my at 20 my intervals. The usual return measure- 
ments from 610 to 390 my (curve 3) followed (time taken 22 min). Finally, 
after a pause of 4 hr, during which time both cells remained in darkness undis- 
turbed at 20° C, the measurements were repeated from 400 to 620 my (time 
taken, 20 min). 

The last measurements (Fig. 3, curve 4) represent the condition of a bleached 
fresh suspension which has faded to Arden’s ‘visual white’ stage. Arden 
identified this stage with vitamin A and, since this substance does not appreci- 
ably absorb light of wave-length > 400 my, considered that the curve obtained 
by subtracting curve 1 from curve 4 should give the density spectrum of the 
pure photosensitive material in the suspension. 

For the second part of the experiment, the suspended outer limbs contained 
in exactly 1 ml. of the suspension were quantitatively precipitated and then 
extracted into exactly 2 ml. of 2% digitonin solution (see Methods). The 
density spectrum of the extract was then measured (with respect to the extract- 
ing solution) before and after exposure to a 15 W lamp for 15 min. The results 
are shown by curves 5 and 6 of Fig. 3 (densities x 2 to allow for the 2:1 volume 
ratio of extract to suspension). The changes on bleaching, i.e. curve 5 minus 
curve 6, are given by Fig. 3, curve 7, and constitute a normal difference spec- 
trum for pigment 502 (rhodopsin) at pH 8-65, the pH of the extract. 

Now Fig. 3, curve 5, the density spectrum of the extract, includes the density 
contribution of impurities. The density maximum of the actual rhodopsin 
can be obtained, however, by adding 5% (the appropriate allowance for the 
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Fig. 3. Quantitative comparison between the suspension (when 1 day old) and an extract prepared 
from it. Curve 1, initial optical density of a sample B of the suspension relative to a sample A; 
curves 2 and 3, the same after exposure of sample A to ‘white’ light for 15 min; curve 4, repeat 
measurements after a lapse of $ hr. Curve 5, optical density of extract (relative to a 2% digi- 
tonin control) prepared quantitatively from a sample of the suspension (see text); curve 6, 
the same after exposing the extract to ‘white’ light for 15 min; curve 7, the changes caused by 
bleaching (curve 5 minus curve 6). The lowest third of the figure epitomizes the comparison : 
curve 8, the pure density spectrum (see text) of the extract prepared from the suspension ; 
curve 9, the density changes on total bleaching of the suspension (curve 4 minus curve 1); 
curve 10, the difference between curves 8 and 9. Temp. 20° C throughout. 
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photoproduct density at pH 8-65) to the density change on bleaching (0-294). 
The resulting value is 0-309. 

The comparison between suspension and extract is summarized in the bottom 
third of Fig. 3. Curve 8 is the density spectrum of pure rhodopsin of maximum 
density 0-309, and curve 9 is the difference spectrum (curve 4 minus curve 1) 
for the suspension after it has faded to Arden’s ‘visual white’ stage. It is 
evident that the maximum density of the extract is greater, not less, than that 
of the suspension, even though a trace of photosensitive pigment was lost in the 
preparation of extract from suspension (see Methods). At wave-lengths 
>510 mp the two spectra are nearly coincident. (The almost constant small 
amount by which the suspension data exceed the extract data on the long- 
wave side of the maximum is due to a slight change of ‘base line’ between the 
suspension and its control: such changes, almost independent of wave-length, 
were observed on other occasions between identically similar suspension 
samples.) At wave-lengths < 510 my the data for the suspension lie consistently 
below those for the extract, the maximum difference being at about 450- 
460 my (Fig. 3, curve 10). 

DISCUSSION 

The experiments and arguments advanced in this paper do not support 
Arden’s (1954c) hypothesis that suspensions of the retinal outer limbs of the 
frog contain an additional narrow-band pigment of A,,,, =535 mp. More- 
over, the evidence previously advanced in favour of it can, for the most part, 
be interpreted in other ways. One fact, however, and curiously, that fact which 
disposed Arden in the first place to examine the hypothesis, remains unex- 
plained by the present results. This concerns the high A,,,, of the difference 
spectra obtained by bleaching suspensions. 

Thus fresh suspensions, when bleached to the ‘visual white’ (= vitamin A) 
stage, have AD,,,, at 505-510 my (cf. Fig. 3, curve 4), whereas the pigment 
rhodopsin in solution has A,,,, =502 mp. Similarly, aged suspensions, which 
bleach only as far as the ‘visual yellow’ (=retinene) stage have AD,,,,, at 510- 
515 my (cf. Figs. 1, 2) instead of at 504-5 my as for an alkaline digitonin solu- 
tion (cf. Fig. 3, curve 7). 

There appear to be three possible explanations for this discrepancy: 

1. That the light-scattering properties of suspensions are such that the 
‘difference spectra’ obtained by the present techniques are not an accurate 
measure of the differences between the light-absorbing properties of pigment 
and photoproduct. 

2. That the light-absorbing properties of pigments when in situ (i.e. in the 
retinal outer limbs) are not the same as when in digitonin solution. 

3. That, in addition to the final photoproducts found by Arden in bleached 
suspensions (viz retinene in aged suspensions, and vitamin A in fresh), there is 
another, hitherto unsuspected, stable photoproduct. The density spectrum of 
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this photoproduct in a fresh bleached suspension would be given by curve 10 
(i.e. curve 8 minus curve 9) in Fig. 3. It has A... at 450-460 mp. Similarly, 
when the difference spectrum for an aged suspension (e.g. lower half, Fig. 1) is 

ompared with that for an alkaline solution of rhodopsin (e.g. Fig. 3, curve 7) 
the differences between them are also found to be similar to curve 10 of Fig. 3. 
Thus the high A,,,,, difference spectra of both fresh and aged suspensions could 
be explained by this additional photoproduct. 

On the evidence presented in this paper it is not possible to make an un- 
equivocal choice between these explanations. It may be stated, however, that 
a recent investigation (being prepared for publication) into the light-absorbing 
properties of visual pigments in situ and in digitonin solution suggests that (1) 
and (2) above are inadmissible and that (3) is correct. 


SUMMARY 

1. The hypothesis (Arden 1954c) that the frog retina contains, in addition 
to pigment 502 (rhodopsin), a ‘narrow-band’, photosensitive pigment (A,,,, = 
535 my) which is destroyed on contact with digitonin solution, has been criti- 
cally examined. 

2. Partial bleaching experiments with suspensions of retinal outer limbs 
have failed to substantiate the presence of a 535 pigment. The minor dif- 
ferences which Arden observed in the bleaching spectra of his suspensions can 
be accounted for on other grounds. 

3. A quantitative comparison has shown that there is no essential difference 


between the photosensitive material originally present in the outer limbs and 
that extracted from them by digitonin solution. 


I gratefully acknowledge the assistance given me in this work by Miss Daphne J. Taylor. 
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CATION EXCHANGES OF HUMAN ERYTHROCYTES 


By M. MAIZELS anp MARY REMINGTON 
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(Received 24 October 1958) 


The use of radioactive isotopes seems to show that even such an apparently 
simple cell as the mammalian erythrocyte is unexpectedly complex. Thus the 
human cell is credited with a very rapidly exchanging Na fraction of 2-3 
m-equiv/l. cells, a main Na fraction of about 8 m-equiv/l. with a rate coefficient 
for efflux of about 0-3 hr-* (Clarkson & Maizels, 1955a), and a residual fraction 
exchanging slowly or not at all and amounting to 2-4 m-equiv/I. cells (Solo- 
mon, 1952; Gold & Solomon, 1955). It has also been thought that Na exchange 
across the erythrocyte membrane is a first-order process (Harris & Maizels, 
1951) modified by the presence of Na ‘Carriers’ whose number in relation to 
the amount of Na to be transferred might, in some circumstances, become a 
limiting factor (Shaw, 1955; Glynn, 1956). Even in the absence of such limita- 
tion, the rate coefficient cannot be regarded as constant, but declines during 
the course of incubation (Harris & Maizels, 1951; Clarkson & Maizels, 19552). 

The concept of a red cell divided into three compartments is unattractive, 
and has only gained credence in the absence of an alternative. Recently, 
Harris & Prankerd (1957) have suggested that resistance to diffusion within 
the cell may be more important than resistance at the cell surface in deter- 
mining cation movements, though the model they propose, to explain dif- 
ferences in the movements and distribution of Na and K, suggests a structure 
no less complex than that of the many-chambered red cell. 

In view of the foregoing, the question of the several Na fractions in the 
erythrocyte and the rate of cation penetration merit re-examination. 


METHODS 
In general these involve measurement of changes in cell cation with time. Portions of cell suspen- 
sions in flasks incubated at 37° C were transferred after suitable intervals to special centrifuge 
tubes, whose upper halves were wide and held about 8 ml., while the lower, sealed halves each held 
0-1 ml, This capillary portion was marked with 0-005 ml. graduations. The tubes and contents were 
centrifuged at 2000 g for 30 min, the supernatant carefully washed away and the cells haemolysed 
in a suitable volume of water. for estimation of total Na, “Na, total K, “K, Li or haemoglobin. 
41-2 
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In some cases it was necessary to wash the cells before making these measurements in order to 
remove suspending medium trapped between the centrifuged cells. This was achieved by centri- 
fuging the cells for 10 min, quickly resuspending in 40 volumes of a suitable wash fluid, and rapidly 
recentrifuging for 30 min. After this procedure intercellular fluid between the centrifuged cells 
contained less than 0-1% of the original suspending medium. In experiments where lithium 
exchanges were not being measured, the lithium chloride-albumin medium described below pro- 
vided a suitable wash fluid. Further details of methods have been given elsewhere (Clarkson & 
Maizels, 1955a; Maizels, 1956). 

Exchangeable Na. In experiments designed to measure the amount of exchangeable Na, fresh 
heparinized group O blood was centrifuged for 5 min at 1200 g and the plasma and buffy coat 
removed. In some experiments the cells were taken up in 20 volumes of pooled plasma at 37° C, 
and equilibrated with CO, 5%, O, 95% passed over the surface of the suspension in a flask rocked in 
a constant temperature water-bath. “Na (Na*) was then added, and observations were begun. 
When the time of incubation exceeded 8 hr, penicillin and streptomycin were added in concentra- 
tions of 12 u./ml. and 24 pg/ml., respectively. In other experiments the cells were resuspended in 
a medium containing haman serum albumin (2%, w/v) containing (mm) NaCl 150, KCl 5 and 
glucose 10. Na exchanged was calculated from the specific activities of the centrifuged cells and 
the supernatant medium. In these experiments the centrifuged cells were not washed. Albumin 
was added to the medium to provide buffering, and to inhibit the traces of haemolysis sometimes 
seen when red cells are suspended in simple salt solutions. 

Cation fluxes. In some cases the inward and outward fluxes of Na and K were measured using 
the methods described by Shaw (1955) and Glynn (1956), who have discussed the uses and limita- 
tions of their procedures. In principle, influx is measured by exposing cells to Na* or K*, and 
measuring cell Na* or K* after a short interval, during which total Na and K in the cells are 
assumed to be constant: the high external and low internal concentration of tracer makes it 
possible to neglect efflux of tracer during the short period of observation. In these experiments 
it was necessary to wash the cells in tracer-free medium in order to remove tracer in medium 
trapped between the centrifuged cells. 

Efflux is measured by soaking the cells in medium containing Na* or K*, centrifuging and wash- 
ing the cells, resuspending in tracer-free medium and measuring gain of tracer by the medium. 
Here too the period of observation is short; 30 min in the present experiments. 

The actual technique used differed slightly from those of Shaw (1955) and Glynn (1956) in that 
cells were washed only once with a large volume of lithium chloride-albumin medium, and counts 
were made on a portion of the cell haemolysate. Further, when cells were incubated in LiCl media 
in order to measure cation fluxes with external K and Na both very low, the latter values were 
not constant even over the 30 min period, and hence in calculating the fluxes the geometric means 
of the initial and final values for external Na and K were used. The same procedure was used when 
there was significant variation in cell Na or K. The equations used are those of Shaw (1955): 

Win __counts/min ml. cells x m-equiv Na/l. external medium 
counts/min ml. external medium x time 
and Na efflux hr) mil. external medium x m-equiv Na/|. cells 
counts/min ml. cells x time 


Lithiwm chloride media. In some experiments, where the penetration of Li was being measured, 
a medium was used containing dialysed albumin (2%, w/v) and 160 mm-LiCl. 


Estimation of the constituents of erythrocytes and medium 
pH. Whenever necessary the pH of all media was adjusted and re-adjusted to 7-5 at 20° C, 
using & glass electrode. As a result cell volume seldom varied by more than -2 to +4% during 
incubation, while the initial cell volume either in plasma or albumin medium was about the same 
as in freshly drawn blood. . 
Haemoglobin. A 75 fold haemolysate was diluted a further 10 times with dilute ammonia 
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(0-1%) and compared with a similar dilution of the original cells. From the relative haemoglobin 
values, changes in cell volume and the water content per cell and per unit volume of cells could be 
calculated. It was assumed that the water content of normal cells was 69% (w/v). Further 
details are given by Clarkson & Maizels (19552). 

K, Na and Lh. Li and Na were measured on a 40 fold dilution of cells and K on a 160 fold 
dilution. An EEL flame photometer was used: Li did not interfere with Na and K, but 2-5 
m-equiv K/l. haemolysate (corresponding to 100 m-equiv K/1. cells) gave a reading corresponding 
to 0-03 m-equiv Li/l. haemolysate; hence appropriate amounts of KCl were added to each LiCl 
standard to allow for this interference. 

Na* and K*, These were measured with a liquid counter (20th Century Electronics, Type M6), 
five counts of 2 min being made for each sample. This usually amounted to 10,000 counts per 
sample or 30,000 counts for results in triplicate, though in the case of K* efflux and Na* influx 
the combined count of duplicate samples might not exceed 6000. 

Experimental errors. For Li between 6 and 8 m-equiv/l. (12 duplicate observations) s.8. was 
+2-1%, and with Li between 10 and 30 m-equiv/1. cells (16 observations) s.z. was +0-9%. For 
Na and K of cells in aqueous or albumin media s.8. was +0-8 and +0-7%, respectively (50 dupli- 
cate observations). For Na and Na* of cells in plasma, 8.x. was higher; + 1-2 and +1-4% for 
10 observations in triplicate or quadruplicate. It is possible that the greater error in the present 
series as compared with earlier experiments may be due to suspending erythrocytes in 20 volumes 
of heparinized plasma instead of in aqueous media; for even when platelets were removed from 
the plasma and the buffy coat from the cells by preliminary centrifuging, on recentrifuging a cell 
suspension for 30 min at 20009 a fine white film sometimes formed at the upper face of the 
erythrocyte column, with the presence of occasional tags of fibrin. Traces of plasma trapped in 
this situation might contribute to the experimental error of replicates. This error would be — 
minimized if, as in previous experiments (Maizels, 1956) centrifuging were interrupted at an 
early stage in order to resuspend and wash the cells in a tracer-free solution before completing the 
centrifuging. If the error were indeed due to trapping 6f traces of plasma, it would affect Na and 
Na* equally, and the error in Na —- Na* should not be additive: in fact, this error at 7 and 22 hr is 
only +0-1 m-equiv./l. cells, Finally, it should be noted that the error when measuring gain of Na* 
or K* by a tracer-free suspending medium containing cells previously charged with tracer was 
rather greater: in two experiments it averaged + 2% for Na* and + 3-6 % for K*. Thus though the 
errors in calculating the effluxes are not small, the data suffice to give an approximate value for 
the outward fluxes. 


RESULTS 
In this, as in earlier work, it has been thought that it is easier to follow results 
if Na* or K* is expressed in milliequivalents; this merely involves the use of a 
factor which equates counts per min with the Na or K content in milli- 
equivalents. 
Easily exchanged Na 

In a previous paper (Clarkson & Maizels, 1955a) it was shown that Na lost 
immediately on washing human erythrocytes in KCl solution was about 
5-2 m-equiv/l. cells, but Na* gained immediately on suspending cells in a 
medium containing tracer was about 6 m-equiv/l., and Na* recovered on 
washing such cells treated with tracer was about 5-8 m-equiv/I. cells. Inter- 
cellular plasma apparently contributed 1-9%, to the packed cell mass, cor- 
responding to 2-8 m-equiv Na/l., so that there remained an easily exchanged 
Na fraction directly associated with the cells and amounting to between 
2-4 and 3 m-equiv/I. 
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It seemed desirable in the present paper to repeat and extend these observa- 
tions by washing the cells with dialysed albumin medium, which not only 
provides buffering, but also minimizes the trace of haemolysis occurring when 
erythrocytes are washed in simple salt solution. In addition, FiCl was used to 
make the albumin medium isotonic, the use of LiCl instead of KCI facilitating 
observations on changes in cell K and supplying additional data on the ex- 
change of Li. In six experiments with observations in duplicate, the average 
immediate changes in cell cation (with the intercellular contributions de- 
ducted) were: Na —2-7, Li +24 and K —1 m-equiv/l. cells. When Li- 
washed cells were separated and rewashed in 0-15m-NaCl containing albumin 
2° (w/v), immediate gain on Na was 2-5 m-equiv and loss of Li 2-5 m-equiv. 
It thus appears that there is a site in the human erythrocyte which is freely 
open to the movement to and fro of Na, Li and also of K when this is present 
in a wash medium. The natural cell reservoir of K, on the other hand, seems to 
be little affected by washing, the average change in four experiments being 
from 105 to 104 m-equiv/l. cells. So too, in cells washed successively in LiCl 
and NaCl media, K changed from 111 to 110 and then to 110 m-equiv/l. cells 
(observations in quadruplicate). If cells once washed in LiCl medium are 
rapidly washed a second time in LiCl medium, the further changes are slight. 
Thus in one experiment the following figures were obtained (intercellular 
contributions deducted): Na, Li, 0-+2-69-—2-80; K, 
105-5 + 105 + 104-5. It follows that practically all the easily exchanged cation 
is removed by the first wash. | 

When instead of washing in simple NaCl or LiCl albumin media the erythro- 
cytes are quickly washed in mixtures of these media, it is found that the 
immediate net cell loss of Na is perceptible even when the external Na, 
though reduced, is still quite high, and some gain of Li occurs even when the 
external Li is low. This is shown in Fig. 1, where the amount of intercellular 
medium (using Evans Blue as marker), and the cation content, were esti- 
mated on cells centrifuged in tubes of 7 mm internal bore: here the length of the 
arrows indicates the amount of easily exchanged cation remaining in erythro- 
cytes when the cells were suspended in media whose content of Na and Li 
varied. Similar results were obtained with cells packed in 1-5 mm capillaries, 
and where the amount of intercellular medium was estimated with albumin 
iodinated with 

The figures in Fig. 1 and in similar experiments show that easily exchanged 
cation varies with the external concentration of the corresponding cation, but 
it is clear that the correctness of the data depends to a great extent on the 
accuracy with which intercellular medium can be measured. Such measure- 
ments depend on the addition of a ‘marker’ to the suspending medium and 
reasons are given in an accompanying paper (Maizels & Remington, 1959) 
for believing that for any particular marker these measurements are reliable 
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and reproducible. There remains the possibility that Na lost on washing, in 
excess of that removed in the intercellular medium, is due to efflux into the — 
Na-poor wash medium continuing during the earlier part of centrifuging 
(perhaps 5 or 10 min) before the cells have become fully packed. Reasons 
have been given elsewhere for rejecting this possibility (Clarkson & Maizels, 
1955a), but in the next section an attempt has been made to determine this 
centrifuge error more precisely. 

Loss of Na from cells during centrifuging. In order to measure the centrifuge 
error, the following method was used. Samples of cells were suspended in 
NaCl-albumin medium containing Na* and then centrifuged for }hr at 
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Fig. 1. Immediate changes in Na and Li contents when normal human erythrocytes are washed 
in media containing varying proportions of NaCl and LiCl in albumin 2 % (w/v). The points 
indicate the actual changes in Na (@—@) and Li (O—O) and the length of the arrow 
equals the amount of easily exchangeable Na or Li remaining after suspension in the cor- 
responding medium. Note: intercellular contributions of Na or Li have been deducted from 

the easily exchanged cation. 
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2000 g. The upper parts of the centrifuge tubes were carefully washed with 
tracer-free medium, the packed cells quickly resuspended in exactly 4 ml. 
tracer-free medium and re-centrifuged at once. Half the tubes were removed 
after 1 min centrifuging and 3 ml. of the supernatant removed and counted: 
this value multiplied by 4/3 gives the true gross easily exchanged Na* of the 
cells (i.e. cellular and intercellular). The remaining samples were centrifuged 
for $ hr and all the supernatant collected, together with washings of the tube 
down to the upper face of the red cell column; the count of this gives the true 
gross easily exchanged Na* plus Na* which had leaked from the cells into the 
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medium during the prolonged centrifuging. In one such experiment, when 
cells were placed in a medium containing Na* corresponding to 150 m-equiv/. 
they immediately gained 5-90 m-equiv Na*/l. They were then transferred to a 
tracer-free medium and centrifuged at once: loss of Na* to the medium after 
1 min centrifuging corresponded to 5-22 m-equiv/l. cells, and after 30 min 
centrifuging to 5-28 m-equiv/l. A second experiment gave almost identical 
results. In a third experiment the cells were kept at 37° C in a medium con- 
taining Na and after 22 hr the content of tracer was 11-6 m-equiv/l. cells. On 
transference to a tracer-free medium and immediate centrifuging, loss of Na* 
to medium separated after 1 min corresponded to 5-12 m-equiv/l. cells, and 
after 30 min centrifuging to 5-23 m-equiv/l. It thus appears that no signifi- 
cant loss (or gain) of cation occurs during } hr of centrifuging, and hence the 
existence of an easily exchanged cation fraction associated with the cells is 
confirmed. 


Other Na fractions in human erythrocytes 


Erythrocytes were incubated in media containing Na*. Exchange of sodium 
was accomplished mainly by rise in Na*, total cell Na remaining fairly constant 
throughout: thus at 0 hr cell Na in the various experiments averaged 13-4 m- 
equiv/l., at 4 hr 13-0 and at 22 hr 13-1 m-equiv/I. 

Although all cell Na might be expected to exchange, there is evidence both 
for and against this possibility; this will be discussed later. It seemed desir- 
able, however, to re-investigate the matter and the results are assembled in 
Table 1, where the differences between [Na] and [Na*] are shown after varying 
periods of incubation and also the percentage of sodium exchanged. The 
figures show that after 8 hr at 37° C, an average of 91% of cell sodium has 
exchanged and that after 22 hr the exchange has reached 95°; the findings 


suggest that little if any sodium would remain unexchanged after prolonged 
incubation. 


Taste 1, Exchanges of Na and Na* between human erythrocytes and a medium containing 
Na* after varying periods of incubation at 37° C 


Na ex- Na ex- 
[Na]-[Na*] Naex- ~(N ~[Na* 
m-equiv a (m-equiv/l. 7-10 br i 22-23 hr 

Expt. calls (%) cells) (%) 
l 1-32+0-08 89 0-48+0-01 96 (8 hr) 0-27+0-07 97 

0-62+0-10 94 

4 2-75+0-24 80 1-30 +0-03 89 vel 96 
5 3-01 +0-07 77 1-66 +0-04 87 (10 hr) 1-30+0-19 90 


Expts. 1, 2 and 3, cells in 20 volumes of normal plasma; 4 and 5, cells in albumin—NaC! 


medium. A sterile technique was used for Expt. 3; antibiotic added to other preparations. Na 
exchanged is expressed as a percentage of total cell Na including intercellular Na. Figures are 
the means of observations in triplicate or quadruplicate. 
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Rate coefficient of Na efflux 
In this, as in the preceding section, tracer-free erythrocytes were incubated 
in media containing Na*. If the Na fluxes obey first-order kinetics, the plot of 
In ({Na;]—[Naj‘]) against time should be linear, its slope giving the rate 
constant for Na efflux. ({Na,] and [Na,*] are the concentrations of Na and 
Na* in m-equiv/l. cell water; for the relevant equations due to E. J. Harris, 
3 


In — [Naf] 


i0 

Time (hr) 

Fig. 2. Erythrocytes in a medium containing Na*: plot of In ([Na,] — [Na¥*]) against time. [Na,] and 
[Na#] are the concentrations of Na, and Na¥ (m-equiv/l. cell water). For simplicity, the im- 
mediate vertical fall in the curves at 0 hr, due to replacement of easily exchangeable cell 
Na by Na*, has been omitted. The different symbols indicate experiments with three dffferent 
bloods. 

see Maizels & Clarkson, 1955a.) In fact, though the cell Na concentrations 
may remain constant over a period, the rate of efflux declines with time, and 
for this reason the expression ‘rate coefficient’ has been preferred to ‘rate 
constant’. Such a decline was noted by Harris & Maizels (1951), and is ap- 
parent in the present experiments, but is less marked, possibly because of the 
use of a large volume of medium relatively rich in protein, and because the pH 
of the suspension was kept constant throughout. 
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Figure 2 shows the plot of In ((Na,]—[Na,*]). There is actually an immediate : in 
decrease in the value of this expression amounting to about 0-3 and corres- | prc 

ponding to the exchange of easily exchanged Na for Na*: for simplicity this 
has been omitted. Thereafter, the curves are concave so that after 7-10 hr = 
their fall is less steep. The deviation from linearity might arise for several | a 
- reasons and these are considered later. ob 
Entry of lithiwm and escape of sodium from erythrocytes incubated at ag 
37° C in an albumin medium containing IACl | as 
m 


In the preceding experiments, inflow of Na* is limited because equilibrium 
is approached in a few hours. Hence, influx of Li was examined, because 
equilibrium is still remote after incubation for 20 hr at 37° C, at which time 
[Li,] is about one quarter of the external concentration and is still rising 
steadily, suggesting that Li exchanges are largely passive. If this is so, then 
a study of changes in the Li of erythrocytes incubated in LiCl media might 
throw light on the processes involved in the passive movements of other 
cations. 

The cells were incubated in a medium containing 2°% albumin in 0-15-0-16m- 
LiCl and 11 mm glucose. Immediately after suspension of the medium, Li 
exchanges with easily exchangeable cell Na, the net change (with intercellular 
cation deducted) being 2-5 m-equiv/l. cells in each case. If [Li] is plotted 
against time, the curve is roughly linear for about 6 hr, presumably because 
at this time [Li,] is still far below the external Li concentration ([{Li,]); after 
20 hr the value of [Li falls below the approximate line drawn through the 
earlier points. On the assumption that the rate of uptake of Li is proportional 
to the difference between the external and internal Li concentrations, 
In{[{Li,]/({Li,] —[Li,})} has been plotted against time (Fig. 3). Two out of five 
experiments are illustrated which show the curve to be approximately linear 
for 6-8 hr, with values after 20 hr falling definitely below the line. Clearly, , 
relation between [Li,] and time cannot be expressed by a simple exponential 
equation. However, the rate coefficient for Li influx between 0 and 6 hr 
has been calculated and averaged 0-019 hr-! for 5 curves (range 0-017- 
0-023). 

Loss of K over a period of several hours is small, probably about 1 m-equiv/ 
1. cell hr, and since initial cell K is about 100 m-equiv/l., the experimental 
error is too high to permit accurate evaluation of change in cell K. Changes in 
cell Na are relatively great. 

Changes of Na in erythrocytes incubated in nutrient LiCl-albumin media. 
After 4-8 hr incubation the concentration of Na in the water of cells ({Na,]) 
was usually 1-1-5 m-equiv below the external Na concentration, and at 
23 hr [Na,] was 1-6 and 1-4 m-equiv/l. cell water (2 experiments) with external 
Na concentrations of 4-9 m-equiv/l. This suggests that Na efflux from cells 
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in LiCl media is active. If it be assumed that the Na fluxes are first-order 
processes, it may be shown (Harris & Maizels, 1951) that 


— ket = In([Nay].. —[Naj}o), 
where k, is the rate coefficient for Na efflux, [Na,], and [Na,], are the cell Na 
concentrations at times 0 and ¢hr, and [Na,],, is the equilibrium value 
obtained by extrapolation. It follows that the plot of In([{Na,],—[NaJ.) 
against time should be linear. [Na,],, in the present experiments may be taken 
as one tenth of the external concentration, and indeed is so small with LiCl 
media that it could probably be neglected altogether. Fig. 4 shows that in fact 


J 
0 10 2s 
Time (hr) 
Fig. 3. Cells incubated in a medium containing 0-15m-LiCl in albumin solution. Plot of In 
{({Li,})/((Li,] —[Lij},)} against time. Li, is the concentration of Li in the external medium; 
Li, the concentration of cell Li (m-equiv/l. water). 


the plot of In([Na,],—[Na,]_) is not absolutely linear, but is slightly concave, 
indicating a decline in the rate coefficient with time. Dr R. D. Keynes has 
suggested to us that the decline in the rate cveificient of efflux might be 
examined by plotting the flux per hour against the mean cell Na concentration 
over the relevant period. With a first-order process this should give a straight 
line passing through the origin. In the case of frog muscle in lithium media 
R. D. Keynes & R. C. Swan (personal comm ication) find that when sodium 
efflux is plotted against internal sodium concentration, there is at first a 
fairly sharp fall in the curve as [Na,] for muscle declines, with the rate of 
change of flux, as a function of concentration, relatively high and fairly con- 
stant. With further decrease in [Na,], however, there appears a sharp 
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inflexion in the curve, whose downward slope becomes more gradual, expressing 
a marked decrease in the rate of change of flux. This type of curve suggests 
that there might be two Na fractions in the muscle cell. 

In the present experiments there are no data for total Na efflux from cells 
in LiCl media, but only for fall in [Na,], that is, for. efflux minus influx. 
However, an approximation may be made to total efflux by assuming that 


2-08 


15 


0 2 4 6 8 10 12 14 
Time (hr) 


Fig. 4. Plot of In({Na,], - [Na,Joo) against time. Erythrocytes incubated in 0-15a-LiCl. 
[Na,]c is the cell Na concentration obtained by extrapolation to t=. 

the rate constant for Na influx is 0-03 hr-". Values for efflux so obtained are 
plotted against mean [Na,] in Fig. 5. This shows that with [Na,] between 8 
and 2-5 m-equiv/l. cell water, the slope of the curve is fairly constant at about 
0-35 but with [Na,] less than 2-5 m-equiv-the slope is only about 0-12 
There is, however, no really sharp ‘bend’ in the curve, and though the possi- 
bility of two cell-Na fractions is not excluded, the findings are probably 
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compatible with a non-homogeneous population of cells. It has been noted 
that the slope is fairly constant until [Na,] falls to below 2-5 m-equiv/l. 
cell water, a value which is usually achieved after 3} hr incubation: this 
agrees with the approximate linearity of the plot of In({Na,j,—[Na,],.) 
between 0 and 3$ hr, during which time also the values for k, obtained from 


the plots average about 0-28 hr’. It is perhaps surprising that erythrocytes 
in a highly unphysiological LiCl medium should maintain so high a rate of 


Na efflux (m-equiv/l. cell water. hr) 


0 1 2 3 4 5 6 
[Nai] mean 

Fig. 5. Plot of Na efflux (m-equiv/l. cell water.hr) against mean cell sodium concentration 


({Na] mean) during the corresponding period. Erythrocytes incubated in 0-15 m-LiCl. External 
Na concentrations (from above downwards: 7-3, 2-0 and 3-3 m-equiv/l. water. 


active Na efflux, and it is of interest to note that in one experiment with tracer 
(see Methods), Na* of erythrocytes in a LiCl medium fell from 6-72 to 5-80 
m-equiv/l. cell water in 30 min, corresponding to a rate coefficient for Na* efflux 
of 0-3 hr-?. 

One other point of interest emerges: in one experiment in a low-K medium 
Na fell by 8-7 m-equiv/l. cell water in 23 hr, while K fell by 35 m-equiv and 
Li rose by 42 m-equiv. It has been been suggested (Harris & Maizels, 1952) 
that active cation transport of Na and K may be linked, but it might be 
doubted if in a LiCl medium poor in K (0-6 m-equiv/l.) such a linkage could 
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be as effective as in a normal medium, unless in the 23 hr period 44 m-equiv 
K/l. escaped passively from the cells and 8-7 m-equiv K/l. then re-entered the 
cells actively in exchange for Na. An attempt was made to investigate this 
matter by using tracers. In one experiment cells containing 30 m-equiv Li 
4-7 m-equiv Na and 126 m-equiv K/l. cell water were in suspension in a medium 
containing 1-72 m-equiv Na and 0-64 m-equiv K/l. Na efflux at 0-} hr was 
1-1 m-equiv/l. cells. hr and K influx 0-27 m-equiv/I. cells . hr; it is clear therefore 
that in these circumstances Na efflux and K influx are not occurring on a 
1:1 basis, and that indeed a considerable amount of active Na efflux is occur- 
ring which is unlinked to K influx. 


DISCUSSION 


Easily exchanged cation 
It has been seen that if erythrocytes in plasma or other medium containing 
about 150 m-equiv Na/l. are transferred to a new medium with a similar 
concentration of K, Li or Na*, there is an immediate gain of K, Li or Na* 
of about 5 or 6 m-equiv/l. cells, with a corresponding loss of Nu; the net 
changes amount to 2 or 3 m-equiv after deducting the contribution of inter- 
cellular cation, Evans Blue being used to measure the percentage of inter- 
cellular medium. It has also been seen that the loss of Na and gain of other 
cations (e.g. Li) are roughly proportional to the external concentrations (Fig. 1), 
so that a small change in the external concentration induces a proportional 
change in the easily exchanged cation. The changes are far too rapid to be 
due to any active or passive cation fluxes, and must be ascribed to one of 
several causes which must be discussed. 

(1) Since the cell population is not homogeneous, it is possible that a small 
proportion of cells may be very permeable, in which case if their Na concentra- 
tion were only slightly less than the external concentration, rapid loss of Na 
(with corresponding gain of other cation) could be explained. The objection to 
this view is that such extreme non-homogeneity probably does not exist. Thus 
Prankerd (1958) has shown that if erythrocytes are differentially centrifuged 
in 30% albumin solution (whose specific gravity is only slightly less than that 
of the cells), the difference in [Na] between the bottom and topmost layers is 
only about 3 m-equiv/l. cells: it is therefore thought that this view ought to 
be rejected. 

(2) Each cell contains a very small compartment which is highly perme- 
able, and whose Na concentration is similar to the external concentration. 
Such a contingency, though unlikely, is perhaps not impossible. 

(3) Easily exchanged cellular cation is in fact combined with or absorbed at 
the cell surface. In favour of this view is the speed with which the exchanges 
occur, and its independence of temperature between 7 and 37° C (Clarkson & 
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Maizels, 1955a). The curve in Fig. 1 is compatible with loss of an adsorbed 
cation and its replacement by another cation in the external medium. The 
possibility of easily exchanged cation being adsorbed was rejected by Clarkson 
& Maizels (1955a) because this fraction is increased in the cells of stored 
blood, and also in sickle-cell disease when the erythrocytes are caused to 
sickle by reducing the oxygen tension. It was considered unlikely that 
storage or sickling could alter the adsorbing properties of the cell surface. In 
. two experiments of the present series it was found that, with blood stored for 
a month, total easily exchanged cation was in fact increased to 8-0 and 7-6 m- 
equiv/l. cells compared with 5 m-equiv for fresh cells, but the respective inter- 
cellular plasmas were also increased to 3-50 and 3-41% of the packed cell 
volume, giving the amount of easily exchanged cation unaccounted for by 
intracellular plasma as 2°8 and 2-6 m-equiv, respectively, compared with 
2-3 m-equiv in fresh cells. Hencé, increase in the easily exchanged fraction 
of stored cells is not necessarily due to an increase of the amount of Na more 
closely associated with the cells. In oxygenated sickle cells (Clarkson & 
Maizels, 19556), however, easily exchanged cation associated with the cells 
was about 3-5 m-equiv/l. and this increased to 6-5 m-equiv on sickling at low 
oxygen tension. Whether the magnitude of this change excludes the possi- 
bility of an absorption mechanism for easily exchanged cation is uncertain; 
certainly reduction of sickle cell haemoglobin induces marked physical changes 
in the orientation of the haemoglobin molecules, and at the same time trebles 
the rate of passive influx into the cell as a whole, so perhaps it is not impossible 
that increase in the easily exchanged cation associated with the erythrocytes 
when sickle cells are reduced may be due to changes in the properties of the 
cell surface, resulting in increased combination of cation with surface groups. 

(4) It is possible that the true intercellular space should be divided into a 
‘free’ portion accessible to all molecules, large and small, and a ‘restricted’ 
space accessible only to molecules of smaller size such as inulin and lactose, 
and also to the monovalent cations. This view is discussed more fully in an 
accompanying paper (Maizels & Remington, 1959); if it were correct, it might 
well be that both the free and restricted spaces were increased in the sickled 
erythrocyte, thus accounting for the observed increases in trapped intercellular 
medium and in easily exchanged cation associated with the cells. 

Of all the possibilities suggested above, only the third and fourth seem at 
all likely, and in view of this it is perhaps desirable to change the term ‘easily 
exchanged cell cation’ to ‘superficial cell cation’. 


Other Na fractions in erythrocytes 
Solomon (1952) has suggested that in the human erythrocyte there is a Na 
fraction which exchanges extremely slowly or not at all. If from his Table IX 
one selects the seven experiments where Na and Na* were measured directly on 
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packed cells and where the temperature was 37° C and the external Na con- 
centration between 140 and 150 m-equiv/l., the data show that 75% of cell 
Na exchanges freely in vitro, the percentage being calculated after deduction 
of the intercellular contribution. With erythrocytes in vivo, Gold & Solomon 
(1954) have shown that after injection of Na* about 82% Na has exchanged 
in 9 hr (4 cases), beyond which time no further exchange occurs. On the other 
hand, Love & Burch (1953) show that in 15 bloods an average of 93% of 
cell Na exchanged. So too, Harris & Prankerd’s (1953) figures show that at 
4 hr 80% of cell Na has exchanged, at a time when Na* is still rising. It is 
true that with a rate constant of 0-3 hr-! cell Na should have exchanged almost 
entirely in 23 hr and that the observed exchange was only 95%; but it has 
been noted that there is a progressive decline in the rate coefficient for Na 
efflux during the course of incubation, and since Na exchanged is about 80°, 
at 4 hr, 90% at 7-10 hr and about 95% at 22-23 hr, it seems reasonable to 
conclude that with more prolonged incubation, the exchange of cell Na would 
be almost complete. 


, Exchange of cations by human erythrocytes 

Nothing in the evidence presented so far is contrary to the view that the 
main barrier to cation exchange is the cell membrane, and that the exchanges 
here are governed by first-order processes. That the rate of Na efflux declines 
with time may be attributed to metabolic failure or other deterioration of the 
cell, to the presence of quickly and slowly exchanging Na fractions in the 
erythrocyte, or to the fact that the cell population is not homogeneous. In the 
case of Li influx, which must be largely, if not entirely, passive it is evident 
that the rate coefficient for influx declines with time (see Fig. 3). This is 
probably due to physical rather than to metabolic factors, and it is possible 
that the same physical factors are operative in the case of Na influx and 
efflux. With regard to the latter, it has been shown that at 0—4 hr with the cell 
Na concentration ([Na,]) between 8 and 2-5 m-equiv/l. water, the rate co- 
efficient for efflux is about 0-3 hr-?, while between 4 and 22 hr with [Na,] 
below 2:5 m-equiv the rate coefficient is about 0-12 hr-! (Fig. 5). This may be 
due to two Na fractions with different rates of efflux: if so, then with cells in 
natural plasma there would be about 8-6 m-equiv fast Na fraction/l. cell 
water and about 2-5 m-equiv slow Na fraction. But the inflexion in the curves 
is perhaps not so sharp as to preclude the possibility of differences in rate 
coefficients being explained by the presence of a cell population which is not 
homogeneous. This involves the assumption that about 80% of cells transport 
quickly, 20% slowly, with comparatively few cells transporting at intermediate 
rates. That the cell population is not homogeneous with regard to age and 
composition is clear, and it is possible that individual differences in transporting 
ability exist, perhaps appearing rather suddenly as the cell ages. Even so, it 
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is not inevitable that transfer by the individual cell is a simple first-order 
process, though this is the case with the single muscle fibre (Hodgkin & 
Horowicz, 1959). Assuming that the cell population is not homogeneous, but 
that Na transfer is a first-order process, then cells with high transporting 
rates would contribute to the earlier steeper part of the plots of In({Na,]-{Na*]) 
or In([{Na,],;—[Na,],,), and those with lower rates to the later less steep portions. 

It has been noted earlier that R. D. Keynes & Swan (personal communica- 
tion) have obtained data suggesting the possible existence of fast and slow 
Na fractions in frog muscle, and in tortoise erythrocytes it has been noted that 
as [Na,] increases, ‘the corresponding efflux is disproportionately great’. In 
the latter instance, however, there appeared to be a progressive increase in the 
rate coefficient for Na efflux as [Na,] increased (Maizels, 1956). 


Linkage of Na and K transport 

It was suggested by Harris & Maizels (1952) that active Na and K fluxes 
of erythrocytes might be linked on a 1:1 basis. However, in the case of the 
K-depleted and swollen mouse ascites tumour cell, incubation in the presence 
of K led to a marked loss of Na (and water) with only a small gain of K 
(Maizels, Remington & Truscoe, 1958). It was suggested there that the active 
Na and K fluxes might not always be linked, though an alternative suggestion 
not excluding linkage was offered. In the present experiments evidence has 
been presented on page 652 that, in erythrocytes incubated in LiCl media 
deficient in Na and K, a substantial part of the Na efflux is not linked with an 
entry of K. 

Internal resistance of the erythrocyte 


Observations on cell permeability usually imply that the main resistance to 
cation exchanges is at the cell surface, and ignore the possible effects of re- 
sistance to cation movements within the cell. Harris (1957) and Harris & 
Prankerd (1957) have stressed the importance of the latter factor, which they 
consider may help to explain the apparent linkage of Na and K transfer, the 
simulation of multiple-cell Na fractions and the failure of cation exchanges to 
accord with first-order processes governing resistance at the cell surface. 
Their views, however, are based on the demonstration of an approximately 
linear relation between cell cation changes and the square root of time (¢) 
and this may have led them to overemphasize the importance of the internal 
resistance factor. Harris & Prankerd’s curves are sigmoid, and the inter- 
pretation of the ‘straightness’ of the intermediate part of such curves may be 
misleading: similar curves are obtained if, in the simple exponential equation 


kt =In{({Na,])/((Na,] —[Naf})}, 
k =0-3 hr, [Na,] is constant at 12 m-equiv/l. and [Naj‘] is solved and plotted 
against t+: indeed, Harris remarks that the lower the permeability, the more 
42 PHYSIO. CXLV 


> 

i 

x 


656 M. MAIZELS AND MARY REMINGTON 


closely will his curves approximate to the form of a simple exponential func- 
tion plotted against tt. As a corollary it follows that if X corresponds to Harris 
& Prankerd’s data for cation contents, then the plot of In(X—c) against ‘ 
should be roughly linear, where ¢ is an assumed equilibrium value which X 
may reasonably be supposed to approach. An analysis of Harris & Prankerd’s 
data in this way does in fact give values for In(X —c) which are Sppaeately 
linear with time. 

It also follows that the choice of tt as an independent variable makes it 
difficult either to refute or to confirm the theory. It has been seen, however, 
that the ratio of Na efflux to Na concentration of erythrocytes in LiCl media 
is compatible with a first-order process during the first 4 hr of incubation (i.e. 
until [Na,] falls below 2-5 m-equiv/l. cell water; Fig. 5). So too, the data for 
Li influx in these circumstances suggest that the ¢+ relation may not hold, 
because the hourly increments between 0 and 6 hr (when [Li], is still far from 
equilibrium) are so nearly equal. Thus in one experiment the curve [Li], = 2-7 x ¢ 
gave theoretical values which may be compared with the experimental values 
(second of each pair) below: 0 hr=0,0; 1 hr=2-7, 2-9; 2 hr=5-4,5-9;3 hr=8-1, 
8-6; 4 hr=10-8, 11-0; 6 hr=16-2, 16-0; 9 hr= 24-3, 23-0; 22 hr=60, 45. 

From what has been said, a simpler picture of the erythrocyte emerges than 
was indicated earlier. There appears to be a zone, probably located at the cell 
surface, whose cations exchange with great speed; thereafter, the rest of the 
cell continues to exchange as a single compartment, the main barrier to ex- 
change being the cell surface, though internal resistance might perhaps be a 
significant factor. Apparent deviations from first-order kinetics may be 
explained by the fact that the cell population is not homogeneous. 


SUMMARY 


1. The human erythrocyte has associated with it 2-3 m-equiv Na/l. cells 
which exchanges very rapidly with Na*, K or Li in an external medium. The 
amount of easily exchanged cation associated with the cells varies directly 
with the external concentration. It is thought that this fraction is closely 
associated with the cell surface. 

2. Exchange of Na across the cell membrane, as measured with Na*, is 
almost complete after 22 hr incubation at 37°C. It is thought that with 
prolonged incubation little if any Na would remain unexchanged. 

3. The rate of exchange of Na and Na* occurring in erythrocytes incubated 
in a NaCl medium containing Na* is compatible with Na efflux governed by 
first-order processes and occurring in a non-homogeneous population of cells. 
The same may be said of Na efflux from cells incubated in LiC] media almost 
devoid of Na and K. Here the plot of efflux against internal concentration 
suggests that just under two-thirds of cell Na has a rate coefficient of about 
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0-3 hr-*, just under one-third of the Na a coefficient of about 0-12 hr-, with 
intermediate rate coefficients for residual Na. 

4. The concentration of erythrocytes incubated in LiCl media falls well 
below the level of external Na; this together with the high rate coefficient 
suggests that Na efflux from cells in LiCl media is active. In such media, poor 
in Na and K, there is also an efflux of K which greatly exceeds influx. A 1:1 
linkage for active fluxes of Na and K no ionger holds. 

5. Entry of Li into erythrocytes suspended in LiCl media will not fit a simple 
exponential expression. For at least 6 hr, however, while the concentration of 
cell Li is far from equilibrium, rise of cell Li is directly proportional to the 
time of incubation. 


Our thanks are due to Dr R. D. Keynes for his advice. 
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In a previous paper (Clarkson & Maizels, 1955) it was shown that the im- 


mediate loss of Na on washing human erythrocytes in KCl solution was 


about 5-2 m-equiv/l. cells. Since intercellular plasma apparently occupied 
about 1-9% of the packed cell volume after centrifuging, thus contributing 
2-8 m-equiv Na/l. to the packed cells, it follows that there must be a further 
2-4 m-equiv Na/l. which is not intercellular, but which is actually associated 
with the cells. Since this fraction is very rapidly removed from the erythrocytes 
by simple washing in KCl solution, it was called ‘the easily exchanged Na 
fraction’. Experiments discussed more fully in the preceding paper (Maizels 
& Remington, 1959) seem to show that the amount of this easily exchanged 
Na varies directly with the external Na concentration: thus when the external 
Na concentration was 150 m-equiv/l. easily exchanged cell Na was 2-4 m- 
equiv/l., with the external concentration at 75 m-equiv/l. it was 1-2 m-equiv/l. 
and with no Na in the external medium no easily exchanged cell Na was left. 
Clearly, if the intercellular medium remaining after centrifuging were in fact 
33% and the figure of 1-9°%, actually used were too low owing to some in- 
herent fallacy in the method, this would explain the apparent presence of 
easily exchanged Na in the erythrocytes and also its variation with the external 
Naconcentration. It was therefore necessary to reconsider critically the method 


for measuring the amount of intercellular medium trapped between centri- . 


fuged erythrocytes. 

The measurement of the amount of intercellular medium (Crabtree & 
Maizels, 1938; Maizels, 1945; Jackson & Nutt, 1951; Chaplin & Mollison, 1952) 
involves suspending the cells in a medium containing an appropriate marker 
(the marked suspending medium), centrifuging and extracting the marker by 
resuspending the cells in an unmarked medium (the extraction medium), 
recentrifuging and then estimating the amount of marker in the extraction 
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medium by comparison with suitable standards. Ideally the marker should 
not be adsorbed on or penetrate into the cells, for on extraction this might 
give high figures for apparent intercellular medium. It follows that if several 
different markers are used, the lowest ratio of marker in cells: marker in medium 
is likely to approximate most closely to the ratio volume of intercellular 
medium: volume of packed cells. In the present paper albumin and haemo- 
globin media have been used, and a variety of markers, including Evans Blue, 
haemoglobin, lactose, inulin and albumin iodinated with radioactive iodine. 
The technique has also been improved by the use of a waisted centrifuge tube, 
which facilitates removal of the ‘buffy coat’ and allows supernatant marked 
medium to be washed away without disturbing the upper face of the centri- 
fuged erythrocytes. In addition, blanks have been introduced to allow for 
traces of haemolysis occurring when the cells are resuspended in the extraction 
medium. 


METHODS 


Heparinized blood is centrifuged at 2000 g in tubes of 7 mm internal bore. After 10 min the 
‘buffy coat’ is removed and the cells taken up in 2 volumes of the ‘suspending medium’ to which 
an appropriate marker is added (usually Evans Blue). A second set of tubes is then taken, similar 
to the first except for a constriction in each tube about 2 cm from the lower end, where the lumen 
narrows to 2 mm. The volume of the lower compartment up to a graduation in the constriction 
is known (about 1 ml.) and enough of the cell suspension is added to give, after centrifuging for 
30 min at 2000 g, a volume of packed cells which is 10% greater than the capacity of the lower 
compartment. The supernatant is removed, and suitably diluted constitutes the standard. The 
rest of the tube down to the upper face of the packed cells is washed clear of marked supernatant 
with 0-15m-NaCl and the excess of erythrocytes including also a second and residual ‘ buffy coat’ 
is removed down to the graduation; removal of the buffy coat is important because it stains 
deeply with Evans Blue and even a small tag may raise the apparent value for trapped medium 
considerably. Having removed the excess of cells down to the graduation, washing of the tube 
is completed without further disturbing the cells: this is possible because of the constriction. 
A volume of ‘ extraction medium’ equal to that of the packed cells is now added to the tubes, which 
are closed with bungs. Cells and fluid are mixed by briefly centrifuging the tubes upside down, so 
that the cells are driven from the bulb and mix with the extraction medium. After shaking, part 
of the suspension is then returned to the bulb by briefly centrifuging right way up, the mixing 
process being repeated twice more. When the erythrocytes and extraction medium have been 
thoroughly mixed, the tubes are centrifuged right way up for 5 min at 2000 g, and a measured 
amount of the supernatant extraction medium (now tinted with marker) is placed in a small tube. 
Similar amounts of suitable dilutions of the original supernatant (i.e. the original marked sus- 
pending medium) are also placed in tubes: set up in this way a fiftyfold dilution corresponds to 
2% of intercellular medium and a fortyfold dilution to 2-5%. In addition to these, two blanks 
are needed: (a) a measured volume of the extracting medium from cells previously centrifuged in 
unmarked medium—this allows for the correction of colour due to haemolysis resulting from the 
various manipulations: (b) a control tube containing the appropriate volume of original unused 
extraction medium (see below). All these tubes, ‘unknowns’, standards and blanks, are niade 
up to 3 ml. 

Suspending media may be natural plasma, haemoglobin solution (about 7 g in 100 ml. 0-15m- 
NaCl), or albumin (2-6 g in 100 ml. 0-15m-NaCl). Suitable extraction media are NaCl solution or 
albumin (2 g in 100 ml. 0-15m-NaCl): with the former the second blank mentioned above is super- 
fluous; with the latter the standards must be prepared by dilution of the original marked 
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suspending medium with 2% albumin in NaCl solution, and the second blank is needed, though 
with a good sample of albumin very little light is absorbed by a 2% solution. 

A variety of markers may be used including Evans Blue (0-3 ml. of a 0-5% solution to 3 ml. 
cell suspension), 7% haemoglobin in NaCl solution, and albumin iodinated with **I. The haemo- 
globin solution may be prepared by haemolysing 1 volume of packed erythrocytes in 3 volumes of 
water and adding 0-33 volumes of 1-5 m-NaCl to restore isotonicity. The preparation is then 
centrifuged at 2000 g to remove stroma and unhaemolysed cells. Very variable results are obtained 
with iodinated albumin, and Gold & Solomon (1954) recommend that it should be dialysed 
before use against a solution of potassium iodide. We have found that surface-active impurities 
may be removed by mixing the albumin with 3 volumes of packed erythrocytes and leaving 
during the night at 4° C. The albumin is recovered by centrifuging. As supplied, the material is 
acid and deficient in NaCl, and for the present purposes it is necessary to adjust these deviations 
before use. With the Evans Blue marker, readings are made in a photo-electric colorimeter at 
620 my; with the haemoglobin marker, at 540 my. 

The standard error of seven duplicate experiments using Evans Blue as marker was +3-4%. 
In an earlier investigation (Maizels, 1945) s.x. was given as + 8%, but here direct vision colori- 
metry was used. 


RESULTS 


Evans Blue as marker. Evans Blue (T-1824) is carried by the albumin frac- 
tion of plasma (Rawson, 1943), and it may be surmised that if there were 
insufficient albumin to carry the Evans Blue some of the dye might adsorb 
on the cells. This is supported by the observation that if cells are suspended in 
simple NaCl solution (0-15m) containing 0-07 °% dye (w/v), the dye content oi 
the packed cells is 4-4-5 °, of the external content, compared with only about 
1-8% when the cells are suspended in 2% albumin in NaCl solution or in 
plasma containing dye. The evidence, however, is not conclusive, for it could 
be argued that cells pack less well in protein-free media. The following experi- 
ments are more satisfactory : cells were suspended in the 2°% albumin medium 
and to successive samples of the suspension equal volumes of Evans Blue in 
increasing concentration were added. As the amount of dye in the medium 
was increased from 29 to 146 mg/100 ml. cell dye rose from 0-47 to 2-98 mg/ 
100 ml., the ratio of dye in cell and medium rising only slightly from 0-016 
to 0-020 (Fig. 1). A further increase in external dye content from 146 to 
292 mg/100 ml., however, led to a marked rise in cell content from 2-98 to 
17-3 mg/100 ml., the cell: medium dye ratio rising sharply from 0-02 to 0-059. 
Rawson (1943) has shown that in simple albumin solution 1 mole of albumin 
will bind 8-14 moles of Evans Blue: the present data suggest that with 
albumin and erythrocytes in competition for the dye, little is associated with 
the cells until the total dye exceeds 5 moles per mole of albumin, after which, 
though the albumin may bind increasing amounts of dye, an appreciable 
amount penetrates or is adsorbed on the cells. The data also suggest that 
Kvans Blue can only act as a satisfactory marker so long as albumin present 
in the medium is not overloaded with dye. Even so a small amount of dye 
may be combined with the cells in some way, and it is desirable that the ex- 
tracting medium should produce minimal removal of this fraction. 
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In previous methods for estimating the amount of intercellular medium 
with Evans Blue (Maizels, 1945; Jackson & Nutt, 1951; Chaplin & Mollison, 
{ 1952) the marked suspending medium has been natural plasma, the extraction 
medium being NaCl solution. In the present experiments with albumin (2 g/ 
100 ml. 0:15m-NaCl solution) the dye ratio for centrifuged cells and medium 
averaged 0-0164+0-0012 (range 0-0142-0-0175 for 6 expts.). The value is 
about 0-0025 lower than Clarkson & Maizel’s recent results (1955), possibly 
because an albumin suspending medium has been used instead of plasma, 
partly because the figures have now been corrected for a blank value due to 
haemolysis in the extracting medium, and partly perhaps because of better 
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Fig. 1. Effect of the external concentration of Evans Blue on the amount of Evans Blue in 
human erythrocytes centrifuged for 30 min at 2000 g. (0-3 ml. of increasing concentrations of 
dye were added to 3 ml. of a 40% suspension of cells in an albumin-NaCl medium). @—®= 
dye (mg/100 ml. packed cells), left-hand ordinate; O—O =ratio of dye in packed cells to 
that in the external medium, right-hand ordinate. 


removal of the ‘buffy coat’ (see Methods). Under any circumstances, however, 
the possibility exists that the use of a protein-free extraction medium might 
give low values for apparent intercellular medium. Thus in the process of 
extracting intercellular marker from packed cells, albumin and dye in the 
trapped suspending medium are diluted equally (about 50 times) by the 
extraction medium. In these circumstances, it is possible that the diluted 
albumin may still suffice to bind the dye present, or on the other hand, the 
relatively large amount of cells in suspension may now compete more success- 

fully for the dye than is the case with cells in albumin-rich media. In other 
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words, it is possible that some of the Evans Blue will be withdrawn by the 
erythrocytes as the intercellular suspending medium is diluted with the saline 
extraction medium, thus giving low values for the percentage of trapped 
intercellular medium. To test this possibility erythrocytes were washed in 
NaCl solution and then separated from the NaCl solution by centrifuging 
for 30 min at 2000 g. The cells were then resuspended in an equal volume of 
a medium containing 15mg Evans Blue and 0-04g albumin in 100 ml. 
0-15 m-NaCl; the composition of this medium corresponds to that of the ordin- 
ary extraction medium after it has removed the marked intercellular medium 
during the standard routine procedure for estimating medium trapped 
between packed cells. This suspension was centrifuged, and the colour of the 
supernatant was compared with that of the medium before exposure to the 
cells. It was found that the net loss of dye was not more than 6%, and pos- 
sibly less: hence under standard experimental conditions, where cells are 
centrifuged from a marked suspending medium, no significant amount of 
intercellular dye reverts to the cells when the centrifuged mass is treated with 
a simple NaCl extraction medium. It follows that the true average value for 
intercellular albumin medium lies between 1-64 and 1-74%. It may be noted 
that when the above procedure is modified so that the cells are not only 
suspended in 2°% albumin medium (to which of course Evans Blue is added) 
but also extracted with a dye-free albumin medium, rather higher values for 
apparent intercellular medium are obtained (Table 1): these averaged 
1-84 +0-16% (range 1-60—2-11%) for 15 experiments, a figure which is higher 
than that obtained with albumin-free NaCl extraction media. This is confirmed 
by parallel experiments where similar samples marked with Evans Blue were 
extracted in media without and with albumin. Marker in the latter was 
12+2-1% greater than in the former (6 parallel expts.); since the error of the 
method is + 3-4%, the difference is significant. The finding suggests that when 
erythrocytes are exposed to albumin media containing Evans Blue, a little of 
the dye is combined with the cells, and that this can be removed by an albumin 
extraction medium, but not by a simple NaCl medium. 

Haemoglobin marker. This gave values for the distribution ratio of marker in 
packed cells and medium which averaged 0-021 (range 0-020-0-023 for 4 expts. ) 
(Table 1). The figure is higher than the distribution ratio of Evans Blue and 
suggests that a little haemoglobin is adsorbed at the cell surface. 

Albumin iodinated with "J as marker. In early experiments the counts 
in the cells and marked suspending medium suggested that the distribution 
ratio varied rather widely with different batches of marker (between 0-024 
and 0-050) and that a variable amount of surface-active radioactive material 
was present. Accordingly, the iodinated albumin was treated with a large 
volume of erythrocytes from which it was separated before use (see Methods). 
Untreated material gave a distribution ratio of 0-051, while treated material 
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gave a ratio of 0-02 (see Table 2). It is interesting to note that for treated 
(absorbed) iodinated albumin, the distribution of marker between packed 
cells and suspending medium was 983/47200 or 0-021, while the corresponding 
ratio for marker extracted from the cells with 40 volumes of NaCl solution 
(counts in the extracting medium being referred to unit volume of cells) was 
930/47200 or 0-020. The difference is small, but the possibility exists that 


TaBLE 1, Ratio of the amounts of marker in cells and in an external suspending medium. Cells 
centrifuged from suspension in a marked medium and extracted with an unmarked medium. 
All media contain 0-15m-NaCl, except lactose which was dissolved in 0-13m-NaCl. Duration 
of centrifuging, 30 min; at 2000 g 


Ratio of the 

amounts of 

marker in 

cells and in the 
xpt. ng suspending 
(g/100 ml.) Marker (g/100 ml.) medium medium 

l Albumin 2 Evans Blue 0-07 NaCl 0-15™ 0-017 
Albumin 2 Evans Blue 0-07 Albumin 2% 0-020 
Haemoglobin 7 Haemoglobin 7 Albumin 2% 0-023 
2 Albumin 2 Evans Blue 0-07 NaCl 0-l5m 0-017 
Albumin 2 Evans Blue 0-07 Albumin 2% 0-019 
Haemoglobin 7 Haemoglobin 7 Albumin 2% 0-021 
Albumin 2 Albumin 2% 0-029 
Albumin 2 Inulin 0-4 NaCl 0-15™ 0-032 
3 Albumin 4 Evans Blue 0-07 NaCl 0-15m 0-014 
Albumin Evans Blue 0-07 Albumin 2% 0-016 
lIodinated albumin4 NaCl 0-15™ 0-019 


TaBLE 2, Distribution of albumin iodinated with "I between erythrocytes and a suspending 
medium containing the marker. The cells were separated from the suspending medium by 
centrifuging for 30 min at 2000 g. The activity of the packed cells was measured and also the 
activity of an extract prepared by resuspending the cells in unmarked NaCl solution (0-15m), 

ging end Activity Activity of marker 
of marker extracted from the 
present in cells centrifuged cells 

centrifuged from by washing in a 

a medium large volume of 

Activity of original § containing NaCl solution 


Bore of Treatment suspending iodinated albumin (expressed as 
centrifuge of iodinated medium (counts/  counts/min.ml. 
tube(mm) albumin (counts/min . ml.) min . ml.) cells) 

7 Absorbed 45,900 878 
1-5 Absorbed 47,200 983 930 
1-5 Not absorbed 53,900 3310 2860 


treated iodinated albumin still retains a little surface activity, in which case 


__ the rather higher distribution ratio—0-020 compared with 0-017 fora parallel _ 
experiment on the same blood using Evans blue as marker—would be ex- 


plained. In the case of iodinated albumin not treated by preliminary absorp- 
tion with erythrocytes, the distribution ratio for packed cells and suspending 
medium was 3310/53,900 or 0-060, and the saline extract of cells gave a ratio 
corresponding to 2860/53,900 or 0-053. It is clear that with untreated iodinated 
albumin a good deal of marker is adsorbed on the cells, and also that the 
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high count obtained in the supernatant when the cells are centrifuged from 
40 volumes of extracting medium (corresponding to 2860 counts/min. ml . cells) 
must be ascribed to removal of an adsorbed fraction as well as intercellular 
marker. 

It should be noted that the preceding experiments with iodinated albumin 
were conducted in centrifuge tubes whose upper halves were 1 cm in diameter 
and whose lower halves were narrowed to a capillary of 1-5 mm. Thus the 
cells were packed in narrow tubes, instead of in the 7 mm waisted tubes of 
earlier experiments. For this reason experiments using iodinated albumin 
(with surface-active contaminants removed) were repeated with samples 
from the same blood, using the standard wide tube: the distribution ratio 
(cells: suspending medium) as measured on an extract of the packed cells was 
878/45,900 or 0-019, which compared well with the value of 0-020 in the narrow 
tubes. This confirms by a more satisfactory method some earlier observations 
made with Evans Blue (Maizels, 1946). It may be noted that the Evans Blue 
method is not well adapted to measuring intercellular medium in small 
amounts of cells, because a relatively large amount of extracting medium has 
to be used (5 volumes to 1 of cells), giving a somewhat feeble colour after 
extraction and also a high blank value owing to the rather marked haemolysis 
which occurs when erythrocytes are manipulated in narrow tubes. 

Lactose and inulin markers. In two experiments lactose gave distribution 
ratios for cells: suspending medium of 0-029 and 0-033 and inulin (estimated by 
the method of Ross & Mokotoff, 1951) gave 0-031 and 0-032. The values are 


higher than those obtained with Evans Blue and possible causes for this are 
discussed later. 


DISCUSSION 
The markers investigated fall into three groups: (1) those with a high dis- 
tribution ratio between packed cells and the marked suspending medium, the 
ratio possibly exceeding 0-05; these include Evans Blue in a simple NaCl 
medium and unabsorbed iodinated albumin. (2) Those whose molecules are of 
small or medium size, with a distribution ratio of about 0-03. These include 
lactose (molecular weight 342) and inulin. There is some doubt about the 
molecular weight of inulin. Pigman & Goepp (1948) quote values of 504 and 
about 5000, the latter value being probably more correct. Possibly the 
monovalent cations should be included in this group, because the immediate 


exchanges of the easily exchanged cation fraction of erythrocytes suggests a — 


distribution ratio of about 0-034; this is discussed more fully in the accompany- 
ing paper (Maizels & Remington, 1959). (3) Large molecules such as albumin 
(molecular weight 66,000), iodinated albumin, Evans Blue combined with 


albumin, and haemoglobin sisal weight 67,000), which give a ratio of 
0-018-0-021. 
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In the first group it may be assumed that adsorption contributes to the 
high distribution ratio, and in this connexion it may be noted that the dis- 
tribution ratio for methyl red is 3, i.e. the cell content is thrice the external 
content indicating that adsorption of the dye at the cell surface is very marked 
and far in excess of the amount of dye that might possibly penetrate the cell 
(Maizels, 1946). In the third group adsorption is presumably minimal. The 
distribution ratio of this group of markers is much less than the distribution 
ratio for the second group; the reason for this finding is obscure. According 
to Kozawa (1914) lactose does not penetrate the human erythrocyte and it is 
improbable that the molecular size of inulin permits of penetration. It is possible 
that lactose, inulin and the monovalent cations are more strongly adsorbed 
on the cells than are the members of the third group. Alternatively, as Dr 
R. D. Keynes has suggested to us (personal communication), the true inter- 
cellular space might be divided into two, a ‘free’ portion accessible to large 
and small molecules and a ‘restricted’ portion accessible only to medium and 
small molecules. Possible restricting factors are as follows: (A) A surface 
layer of protein penetrated by smaller molecules but not by large protein 
molecules might suffice to explain the difference in the distribution ratios of 
groups (2) and (3) above. Thus according to Ponder (1948), the volume of the 
human erythrocyte is about 90,* and its area about 170%. A protein layer 
80 A thick spread over such a cell could account for the high distribution 
ratio of small molecules able to penetrate the layer. Such a protein surface 
layer is not incompatible with recent investigations of the structure of 
erythrocyte ‘ghosts’ (for references, see Glynn, 1957). (B) If the erythrocyte 
surface were not smooth, but minutely irregular, small and medium mole- 
cules might penetrate the nooks and crannies, while large molecules would be 
excluded. The existence of such irregularities is suggested by electron micro- 
scope photographs of dried ‘ghosts’ (Hillier & Hoffman, 1953), which show 
surface plaques about, 30 A high and 200 A across. Clearly, in the present 
context it is not the width of the plaques which is significant, but the width 
of the gaps between: it is possible that cells in aqueous solution have wider 
gaps and more slender plaques than photographs of the dried ‘ghosts’ suggest. 
(C) Yet another factor affecting the amount of intercellular marker may be 
the respective electrical charges of cell surface and marker. (D) It is important 
to realize that 3-4°%, of intercellular medium in centrifuged cells corresponds to 
a mean distance between cells of only about 360 A. In such a space the random 
orientation’ of large molecules (e.g. albumin, 150 A long) may be restricted. 
Without attempting to distinguish at present between possible contributions 
of these several factors, it seems best to assume that the total intercellular 
space may be divided into ‘free’ and ‘restricted’ zones, as suggested by Keynes. 
It follows from all this, that if the theory of the ‘restricted intercellular space’ 
is correct, protein and protein complexes are unsuitable as markers, while if 
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high distribution ratios (of the order of 0-03) are largely brought about by 
adsorption, then protein markers are preferable to markers of smaller mole- 
cular size. 


SUMMARY 


Of the various markers available for measuring the amount of a suspending 
medium trapped in centrifuged erythrocytes, those of large molecular size 
(albumin, iodinated albumin, albumin combined with Evans Blue, and haemo- 
globin) give apparent values of 1:8-2:1%, but those of smaller molecular 
size (lactose and inulin) give values of about 5%. The difference may arise 
from the presence of a ‘restricted intercellular space’ accessible to the smaller 
molecules, but not to the larger. Alternatively, the higher apparent values 
given by lactose and inulin markers may be due to greater adsorption at the 
cell surface. 


Our thanks are due to Mr J. D. Pearson for supplies of iodinated albumin. 
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GLUCAGON, INSULIN AND ‘ANAPHYLACTOID’ 
INFLAMMATION 


By LIDIA M. ADAMKIEWICZ anv V. W. ADAMKIEWICZ 


From ! Hépital Hétel Dieu, Montreal, and Laboratoire de 
Physiologie, University of Montreal, Canada 


(Received 21 July 1958) 


The ‘anaphylactoid’ inflammation of the rat is a hyperergic reaction which 
manifests itself by an acute, hyperaemic, hyperthermic and oedematous 
swelling of the snout, ears, paws, the anal and the genital regions. It is pro- 
duced by the injection of certain ‘anaphylactoid’ agents into certain ‘sites of 
predilection’ in the animal (Selye, 1954). 

We reported previously (Adamkiewicz & Langlois, 1957, 1958; Adam- 
kiewiez, Langlois & Poirier, 1958) that a single administration of insulin 
sensitized the rat to the inflammation produced by dextran, soluble glycogen 
or egg white. The ‘anaphylactoid’ principle in these substances including egg 
white (Léger, Masson & Prado, 1947) is a polysaccharide. Insulin had no 
sensitizing effect when the ‘anaphylactoid’ agent used was the histamine- 
depleter compound 48/80 (p-methoxyphenethyl methylamine-formaldehyde 
polydispersed condensation product). 

The sensitizing effect of insulin on the dextran-induced ‘anaphylactoid’ 
inflammation occurred also in spinal rats. It was not prevented by cortisone 
but it was abolished by the antihistamine phenergan and by long pre-treat- 
ment with compound 48/80. The present experiments show that glucagon, the 
other pancreatic hormone associated with carbohydrate metabolism, does not 
influence the dextran-induced inflammation. 


METHODS 


The rate used were males of the Sprague-Dawley strain, 90-135 g body weight, maintained on 
Purina Fox Chow cubes and water. 

The dextran used was a 6% (w/v) solution in physiological saline (Abbott Laboratories). 
It was given subcutaneously either in the back (1 ml.) or into the plantar region of the right hind 
paw (0-3 ml.). The injection of dextran alone into the back does not readily produce the inflam- 
matory response because the subcutaneous tissue in this region is not a site of predilection (Adam- 
kiewiez & Langlois, 1957). But an inflammatory response is produced when a sensitizing dose of 
insulin is injected as well. On the other hand, the injection of dextran alone into the plantar 
region always produces the inflammatory response, since this is a site of predilection. Therefore, 
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in order to find out whether glucagon had a sensitizing effect on the dextran inflammation the 
dextran was injected into the back of the animal. And in order to find out whether glucagon 
inhibited the dextran inflammation dextran was injected into the plantar region. 

The glucagon was kindly supplied by Eli Lilly and Company. It was non-sterile; its insulin 
content was less than 0-5 u./mg; its isoelectric region was between pH 7-5 and 8-5 and, according 
to Eli Lilly, 0-07 ug/kg injected into an anaesthetized cat caused a rise in blood sugar of 
30-40 mg/100 ml. 10-15 min after the injection. At the beginning of each experiment the glucagon 
was dissolved in aqueous 0-02 glycine buffer at pH 8-5 in a concentration of 200 ug glucagon/1 ml. 
buffer. This was about the maximum limit of its solubility. Those rats in which the effect of 
glucagon was tested on the dextran-induced inflammation received, immediately after the dextran 
injection, a subcutaneous injection of 0-1 ml. glucagon (20 yg.). A similar injection of glucagon was 
repeated every 15 min for 4 or 5 hr. Therefore, the total dose of glucagon was respectively 320 and 
400 pg per rat. 

Those rats in which the sensitizing effect of insulin was reproduced on the dextran-induced 
inflammation received, immediately after the dextran injection, a single subcutaneous injection 
of 4.u. (0-1 ml.) of insulin-Zn (Insulin-Toronto, Connaught). This corresponded to 181 yg insulin 
per rat. 

The intensity of the general ‘anaphylactoid’ inflammation was estimated by recording (in 
millilitres), by means of a volumetric apparatus, the changes in the volume of the left hind paw 
(Adamkiewicz, Rice & McColl, 1955). 


RESULTS 


Four groups, each of eight rats, received an injection of dextran under the 
skin of the back. The first of these groups had no other treatment and showed 
no inflammation. The second group received a sensitizing dose of insulin and 
the third group received the insulin plus repeated injections of glucagon for 
4 hr. Rats of the second and third groups developed pronounced inflammatory 
reactions. Finally, the rats of the fourth group, which received no insulin 
but only repeated injections of glucagon, showed no inflammatory response. 
These results are illustrated in Fig. 1. They show that glucagon does not 
modify the sensitizing action of insulin and that it does not sensitize to the 
dextran inflammation. In some experiments the total amount of glucagon 
injected during the 4 hr, instead of being 320 ug, was as little as 1 Hg But 
again, no sensitizing effect was observed. 

In another experiment two groups, each of eight rats, received an injection 
of dextran into the plantar region of the right hind paw. In addition, the rats 
of the first group received 0-1 ml. of the glycine buffer which served as solute 
for glucagon. The second group was given repeated injections of 20 pg 
glucagon every 15 min for 5 hr. All rats developed a pronounced inflammatory 
response as is illustrated in Fig. 2, which represents the oedema development in 
the left hind paw. The glucagon did not prevent the inflammatory response. 


DISCUSSION 
The sensitizing property of insulin on the hyperergic action of dextran was 
confirmed. It was found that an injection of dextran into the subcutaneous 
tissue of the back, which in itself did not induce an ‘anaphylactoid’ inflam- 
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mation, produced an intense reaction of this kind when followed by an injec- 
tion of insulin. On the other hand, glucagon, even if given in high doses, 
lacked such sensitizing property, nor did it influence the sensitizing action of 
insulin. Since both insulin and glucagon are polypeptides, the sensitizing 
action of insulin cannot result from some non-specific effect of insulin caused 
by its polypeptidic nature. Glucagon was also found to have no inhibiting 
effect on the inflammation produced by an injection of dextran into a ‘site 
of predilection’. 
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Fig. 1. *Anaphylactoid’ inflammation in rats recorded by measuring the hind paw oedema. 
Four groups, each of eight rats, were injected with 60 mg dextran under the skin of the back. 
In addition: group II rats received insulin; group III, insulin and glucagon; and group IV 
glucagon (for details see text). 

Fig. 2. ‘Anaphylactoid’ inflammation in rats recorded by measuring the hind paw oedema. Two 
groups, each of eight rats, were injected with 18 mg dextran into the right hind paw. In 
addition: group II rats received injections of glucagon dissolved in glycin buffer and group I 
rats received the glycin buffer alone (for details see text). 


SUMMARY 
Insulin sensitizes rats to the ‘anaphylactoid’ inflammation produced by 
dextran injections. But glucagon, the other pancreatic hormone associated 
with glucose metabolism, lacks this sensitizing property. It does not modify 
the sensitizing property of insulin and it does not inhibit the dextran ‘“ana- 
phylactoid’ inflammation. 
This investigation was supported in part by grant MA 640 from the Canadian National Research 


Council, Ottawa, and in part by grant No. 37 of the Fondation Rhéaume of the University of 
Montreal. 
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A solenoid-operated inspiratory-expiratory valve. By D. W. Hii 
and J. R. Hoox. Research Department of Anaesthetics, Royal College of 
Surgeons of England, London, W.C. 2 


_ A power-operated inspiratory-expiratory valve has been constructed for the 
measurement of the dead space of patients ventilated by intermittent positive 
pressure application. 


Fig. 1 
The requirements were that the valve should have (1) a small, known dead 
space; (2) no leakage of gas; (3) provision for mounting close to the patient; 
(4) negligible resistance to respiration; and (5) facilities for easy cleaning. 
The inspiratory and expiratory valve disks are each actuated by a miniature 
thrust-type solenoid* which develops maximum thrust when the valve disk 
is pressed against its neoprene seating. Each solenoid has a 50 coil rated 
for continuous operation on 12 V d.c. For this application 18 V d.c. is used, 
* Type 8.M.O. made by the Varley Magnet Co. of London, 8.E. 18. 


a 


‘ 
by 
T 
pat 
a 
+ 
ve 
> 
Vi 
« 


2P PROCEEDINGS OF THE PHYSIOLOGICAL 


which is permissible, since each solenoid only operates for a portion of the 
respiratory cycle. 

The main body of the valve (Fig. 1) is made from Perspex rod, the side arms 
making a tight fit into standard anaesthetic corrugated tubing. The dead 
space of the valve assembly (the volume contained between the valve seats 
and the patients’ connexion) is 17 ml. 

Each valve disk is attached to its solenoid armature thrust rod by means of 
a ball joint. This assists the disk to fit squarely on its seating. 

The switching of the inspiratory and expiratory valves may be accom- 
plished with a change-over microswitch operating from a cam driven by a 
mechanical respirator. Each solenoid is actually switched by a slow-release 
relay (4 in. (12 mm) heel slug). Thus when switching occurs the valve that is 
shut stays shut until the other valve closes, whereupon the first valve opens. 
At no instant are both valves moving, thus gas leakage is prevented. 

The valves can also be switched by a valve or power transistor multi- 
vibrator circuit. 


An infusion apparatus. By J. G. L. Wiiitams. Sherrington School of 
Physiology, St Thomas’s Hospital Medical School, London, S.E.1 


The usual type of infusion apparatus employsa hypodermic syringe, the plunger 

of which is advanced at a constant speed by a split nut driven by a rotating 

lead screw. A length of flexible tubing connects the syringe to the hypodermic 

needle. A measure of the rate of flow of the infusion fluid can be obtained by 

recording the pressure in the tube at the point immediately preceding its 

attachment to the needle. Such a recording taken during a typical experi- 
ment shows the following features: 

(1) The rate of flow reaches the required level with a delay which appears 
mainly to be a function of the dimensions and elastic properties of the tubing, 
the diameter of the needle and the type of driving system. 

(2) When the required level is reached the constancy of the rate of flow is 
principally a function of the constancy of the rotational speed of the lead screw. 

(3) Generally, changing from a physiologically active infusion fluid to 
saline and vice versa involves a considerable delay in reaching the required 
steady condition. 

The apparatus to be demonstrated was designed in an attempt to control 
these variables more precisely and in order to achieve a wider range of infusion 
rates than is usually available. 

A recently developed cold cathode tube with highly stable characteristics 
is triggered by an adjustable R-C network. Although the tube was designed 
to give very brief voltage output pulses it has been found possible to arrange 
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for it to drive a sensitive polarized relay when this has been made electrically 
side stable. This in turn operates a slave relay with heavy-duty contacts. 
By an appropriate circuit design it has been possible to increase the ‘make’ 
time of the contacts to 25 msec, a low-voltage pulse of this duration being 
needed to operate the rotary solenoid which drives the infusion lead screw. 

Because the lead screw advances the plunger of the syringe step-wise at the 
output pulse frequency, the delivery of infusion fluid tends similarly to be 
pulsed, although the pulsations are damped by virtue of the resistance to flow 
of the needle and the elasticity of the delivery tube. It is important that the 
frequency of these damped pulsations should not be so low as to be capable 
of being resolved physiologically, while at the same time the damping should 
not be so high as to impose too long a delay in the flow becoming stabilized 
when the rate of infusion is changed. 

Because the infusion fluid is delivered in minute ‘quanta’ the provision of a 
counter actuated by the slave relay serves the twofold function of calibration 
and recording of total dose. The addition of a telephone dial which actuates 
the polarized relay enables discrete doses of any magnitude to be infused. 
Provision is made for outputs to event and timing markers. 

In practice it has been found possible to infuse at a rate which is low enough 
to be undetectable physiologically but sufficiently high to prevent clotting at 
the needle tip. The rate can then be changed immediately to the required 
physiologically active level. In this way it is possible to dispense with the 
infusion of inactive saline, and avoid the accompanying delays caused by the 
necessity to expel the previous infusion fluid from the tube and needle. 


Registration of twitch speed in human muscle by local pressure 
changes. By A.C. Dornuorst. Department of Medicine, St Thomas’s 
Hospital Medical School, London, S.E. 1 


The polarographic measurement of oxygen tension. By P. F. D. 
Naytor. Department of Medicine, St Thomas’s Hospital Medical School, 
London, S.E.1 


Circulatory effects of trumpet playing. By E. P. SHarpey-Scuarer. 
Department of Medicine, St Thomas’s Hospital Medical School, London, 
S.E.1 


Pressure waves in the human thoracic duct. By J. B. Kinmonrs 
and E. P. Department of Medicine, St Thomas's 
Hospital Medical School, London, S.E. 1 
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The use of a modified Hensel needle for measuring changes in 
tissue blood flow. By J. F. Mowsray. Medical Unit, St Mary’s 
Hospital, London, W.2 


An apparatus for recording blood flow and blood pressures. By 
A. F. Copsotp and P. R. Sryzes. Sherrington School of Physiology and 
Department of Medical Electronics, St Thomas's Hospital, London, S.E. | 


A flying-spot ophthalmoscope. By P. R. Sryies. Department of 
Medical Electronics, St Thomas’s Hospital, London, S.E. 1 


Superimposed recording of electrical, volume and pressure 
changes. By A. M. Atprrson and C. B. B. Downman. Royal Free 
Hospital School of Medicine, London, W.C. 1 


Electrocardiographic recording of the foetal heart rate”in utero 
in experimental animals. By J. D. Martin and I. Maurern 
Youne. Department of Obstetrics and Gynaecology and the Sherrington 
School of Physiology, St Thomas’s Hospital Medical School, London, S.E. | 


A recording unit which uses an ultra-violet light source and which 
gives an immediate visible record. By J. D. Martin and 
P. Srytes. Department of Obstetrics and Gynaecology and Department of 


Medical Electronics, St Thomas’s Hospital Medical School, London, S.E.1 


Electrical recovery in skeletal and cardiac muscle fibres. By 
W. V. Macrartane. University of Queensland and Medical Centre, State 
University of New York at New York 


The after-depolarization (negative after-potential) of skeletal muscle fibres 
comprises an initial flat or notched phase lasting 2~4 nsec and a slow (40-60 
msec), usually exponential, event (Macfarlane & Meares, 1958). This resembles 
the prolonged action potential of cardiac cells where there is a spike, followed 
by a long plateau and a descending phase. There are resemblances in the 
behaviour of the recovery of these two types of muscle in a variety of circum- 
stances. Recovery is prolonged by low external [K,+] and high [Na,*] and 
shortened by high [K,*], low [Na,+], hypoxia, metabolic inhibitors of oxidation 
or phosphorylation (2:4-dinitrophenol, iodoacetate, sodium azide (Macfarlane, 
1956) and by digitalis glucosides. Sodium cyanide shortens cardiac action 
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potentials, but iodoacetate is necessary in addition for this action on skeletal 
muscle cells. 

The reduction of amplitude of the spike by K,+ is associated with shortening 
of the repolarization phase in both tissues. But there is less depolarization for 
a given amount of shortening of repolarization when N,, DNP, NaN, or NalA 
act on the heart or skeletal muscle. Acridines ionized in the physiological 
range of pH prolong the after-potential of muscle as well as the descending phase 
of the cardiac action potential. The effect is increased in both by washing in 
Ringer’s solution. Un-ionized acridines do not have these effects. It is thought 
(Albert, 1951) that the active acridine kation acts on the cell membrane, and 
its rapid rate of action would be consistent with surface activity. The slow 
onset of action by CN, DNP, NaN, and N, is more suggestive of an intra- 
cellular action. The effects are reversible in both heart and muscle except in 
the case of iodoacetate. 

In the frog higher temperatures (40° C) shorten the duration and increase 
the amplitude of the recovery phase, but low temperatures prolong the 
process in both heart and skeletal muscle. It seems possible that the cardiac 
plateau may correspond with, but (at 20° C in the frog) last about 300 times 
longer than, the notch phase of muscle after-depolarization. The descending 
limb of the heart cell potential behaves like the main component of the skeletal 
after-potential with a ten to twenty times rate difference between the two 

“muscles. On this hypothesis the prolonged cardiac action potential would be 
the homologue of the after-potential of skeletal muscle cells. 


REFERENCES 
Albert, A. (1951). The Acridines. London: Arnold. 
Macfarlane, W. V. (1956). Nature, Lond., 178, 1050. 
Macfarlane, W. V. & Meares, J. D. (1958). J. Physiol, 142, 78-96. 


The effect of mental arithmetic on the blood flow in the hand. 
By H. Barcrort, J. Brop, J. P. L. A. Hayes, and E. HrrssArvi. 
The Sherrington School of Physiology, St Thomas’s Hospital Medical School, 
London, S.E.1 


The effect of 10 min mental arithmetic on the blood flow in the hand has been 
recorded by venous occlusion plethysmography. The plethysmograph was 
filled with water maintained at 32-33° C. After an initial period and without 
any warning a metronome was started and the subject was given a number, 
say 4359, and told to subtract quickly another number, say 17; as soon as he 
had answered he was told to subtract 17 from the remainder, and so on again 


and again as fast as possible for 10 min. 
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The results showed that: 

(i) There was often little or no initial vasoconstriction such as commonly 
occurs in response to a loud noise or to rubbing the skin with ice (Abramson & 
Ferris, 1940). 

(ii) In the hands of two out of five normal subjects and one of two hyper- 
hidrotic subjects vasodilatation was recorded. In the hyperhidrotic subject 
who showed this response it was obtained four times, twice in each hand. The 
resting hand flows in these tests were 8, 7, 6, 7 ml./100 ml./min, during mental 
arithmetic they rose to 21, 22, 23 and 15 ml., respectively. | 

This vasodilatation was almost certainly of nervous origin. Its cause is 
unknown. However, Kuno (1956) has shown that mental arithmetic commonly 
causes sweating of the eccrine glands of the palm. Sweating of the eccrine 
glands of the forearm causes bradykinin formation and a large increase in blood 
flow (Edholm, Fox & Macpherson, 1956, 1957; Fox & Hilton 1958). 
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Adrenaline and experimental foetal hypoxia. By J. D. Martin and 
I. MaurREEN Younc. Department of Obstetrics and Gynaecology, and the 
Sherrington School of Physiology, St Thomas’s Hospital Medical School, 
London, S.E.1 


A single intravenous injection of adrenaline or noradrenaline into the maternal 
circulation causes a transient hypoxic bradycardia of the exposed foetus, with 
an intact placental circulation, in the near term rabbit and guinea-pig (Dorn- 
horst & Young, 1952). The influence of gestational age on this hypoxic 
bradycardia has been studied on the guinea-pig foetus in utero. The age of 
the foetuses was estimated from crown-rump lengths, using the values of 
Draper (1920), and the foetal heart rates were counted from e.c.g. records 
taken with the uterine wall intact. 

Adrenaline 1-2-5.g/kg caused a rise in the mean maternal arterial pressure 
of 25-45 mm Hg at gestational ages from 40 days to term. After about 60 days 
there is visible constriction of the uterine arteries, blanching of the uterine 
wall and, during the decline of the maternal blood pressure to its resting level, 
a transient foetal bradycardia from about 200 to 100 beats/min. Accompanying 
these changes are intermittent movements of the uterine wall and occasionally 
a fall in intra-uterine pressure. Dibenyline or Regitine (Ciba) prevents the 
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response of the maternal systemic and the uterine circulations to adrenaline and 
the foetal bradycardia. Oxytocin and vasopressin have no visible influence on 
the uterine circulation and do not cause foetal bradycardia; the intra-uterine 
pressure rises 5-10 mm Hg. It is concluded that the foetal bradycardia 
observed in utero after the maternal injection of adrenaline is due to hypoxia 
consequent upon reduction of maternal placental blood flow, resulting from 
vasoconstriction rather than mechanical changes within the uterus. Other 
vasoconstrictor substances such as noradrenaline, serotonin and ergometrine 
also cause anoxic slowing of the foetal heart. 

The readiness with which this type of hypoxic bradycardia can be obtained 
towards the end of gestation might be due (1) to the greater sensitivity of the 
foetal heart to low oxygen tensions, or (2) to the increased sensitivity of the 
maternal uterine and placental vessels to vasoconstrictor substances. The 
improbability of the former explanation was suggested by the results of 
Greenfield & Shepherd (1953) which were confirmed as follows: throughout 
the period of gestation studied a slight foetal bradycardia was observed during 
a 5 min period of administration of 10% oxygen to the mother; it occurred 
within 3 min of the administration of 6% Q,. 

The possibility of hormonal sensitization of the placental vessels to vaso- 
constrictor substances was indicated by results obtained after the mother had 
received, by subcutaneous injection, 10 mg progesterone 24 hr previously; an 
increased sensitivity of the vessels, by a factor of four or five, was observed 
after 60 days of gestation, for foetal bradycardia could be obtained by the 
maternal injection of adrenaline 0-10—0-25yg/kg. No such sensitization was 
found earlier in gestation. 

REFERENCES 
Dornhorst, A. C. & Young, I. M. (1952). J. Physiol. 118, 282-288. 


Draper, R. L. (1920). Anat. Rec. 18, 369-382. 
Greenfield, A. D. M. & Shepherd, J. T. (1953). J. Physiol. 120, 538-549. 


Intramuscular propagation of sensory impulses from stretch 
receptors of the cat. By A. 8. Panta. Physiology Department, 
University of Utah Medical School, Salt Lake City, Utah, U.S.A. 


The interval between an antidromically conducted impulse and a subsequent 
orthodromic one provides a measure of recovery of a rhythmically discharging 
stretch receptor; the duration of this interval varies with the time at which the 
electrical stimulus is delivered (Matthews, 1933). Using this criterion, recovery 
following an orthodromic impulse or a preceding antidromic impulse was found 
to be identical. This shows that the effects of an antidromic impulse on recovery 
of a receptor towards initiation of subsequent orthodromic impulse is identical 
with that of an orthodromic impulse. On this basis a procedure for determining 
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intramuscular conduction time has been developed, in which a muscle is 
stretched mechanically by brief rapid pulls to yield mechanically generated 
impulses with a pull-impulse latency of 2-5 msec in different receptors. If one 
of the regular series of orthodromic impulses appears immediately before a pull, 
then the pull-impulse latency is increased ; the increase bears a definite relation 
to the interval between the orthodromic impulse and the time for the normal 
appearance of the pull-impulse. The effect of an antidromic impulse is identical, 
except that the curve describing the effects of the latter is displaced in time by 
a fixed amount at all parts of the curve. Since recovery following antidromic 
and orthodromic impulses is the same, this displacement is accounted for by 
the difference in conduction times involved in the two cases to and from the 
endings. Evidence has shown that this difference between the two curves is 
equal to the conduction time between the stimulating electrodes placed near 
the muscle and the recording electrodes placed more centrally, plus twice 
intramuscular conduction time, plus setting up time at the stimulating 
electrodes. Proof of this was obtained by showing that the position of ten 
receptors in the tenuissimus muscle, computed by determining the intra- 
muscular conduction time in this manner, corresponded very closely to that 
established by crushing the muscle. The conduction velocity of the intra- 
muscular portion of the afferent fibre is therefore the same as the extra- 
muscular part. No evidence exists for non-myelinated propagation from these 
muscle stretch receptors; if there is such propagation it must be less than 
50 in length. 


This work was aided by Grant No. B1320 from the Institute for Neurological Disease and 
Blindness, Public Health Service. 


REFERENCE 
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Adsorption of 5-hydroxytryptamine by platelets. By G. V. R. Born 
and JANET BRIcKNELL. Nuffield Institute for Medical Research, University 
of Oauford 


When citrated human plasma containing platelets is centrifuged at 15,000 g 
for 5 min the platelets form a compact pellet in the bottom of the centrifuge 
tube. Almost all the plasma can be removed without disturbing the pellet 
by draining the tube and wiping it with filter paper. However, a little plasma 
remains with the platelets in the pellet. 

The volume of plasma in the pellet was determined at 0° C by mixing 
platelet-rich plasma with inulin and determining it in the platelet pellet 
after centrifugation; the pellet contained 0-421. plasma/10® platelets (mean 
of eight experiments, range 0-29-0-83). Similar experiments in which human 
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serum albumin labelled with ™I was used instead of inulin gave 0-40yl. 
plasma/10* platelets (mean of six experiments, range 0-27-0-68): this figure 
was independent of the concentration of added albumin. The results obtained 
with inulin and albumin agreed well. 

When similar experiments were made with 5-hydroxytryptamine (5-HT) 
labelled with *C the results were quite different. The volume of plasma in the 
pellet appeared to depend on the concentration of added 5-HT: the lower the 
concentration, the larger the apparent volume. With 1-5yug or more 5-HT/ml. 
plasma the apparent plasma volume was 3-12 1./10° platelets (mean of twelve 
experiments, range 1-2-—4-4), i.e. about eight times greater than when deter- 
mined with inulin or albumin. Since active transport does not occur at 0° C, 
it may be concluded that 5-HT is adsorbed by platelets. 

The curve relating concentration of 5-HT in plasma to amount of 5-HT 
adsorbed by platelets is complex, and suggests that more than one kind of 
group in or on the platelets is involved in adsorbing 5-HT. 


The effect of tilting from the horizontal to the head upwards 
position on the pressure of the cerebrospinal fluid in the cisterna 
magna of the dog. By T. H. B. Beprorp. Department of Pharma- 
cology, University of Manchester 


The effect of tilting through an angle of 45°, from the horizontal to the tail 
upwards position, on the pressure of the cerebrospinal fluid in the cisterna 
magna has been described in an earlier communication (Bedford, 1958). In 
the present series of experiments a study has been made on twelve dogs, of 
the response of the pressure of the cerebrospinal fluid to tilting through an 
angle of 45° from the horizontal to the head upwards position. The general 
experimental technique was that used in the earlier experiments. 

The effect of tilting on the pressure of the cerebrospinal fluid in the cisterna 
magna was variable. In seven experiments an abrupt fall of 10-30 mm H,O 
accompanied tilting ; this fall was not maintained and the pressure rose rapidly 
to the initial level, which was reached after an interval varying from a few 
seconds to 3 min. The pressure then continued to rise until a level 10-30 mm 
H,0 higher than the original was attained. Thereafter the pressure remained 
stationary. On returning the az.imal to the horizontal position, the pressure 
dropped rapidly to the initial level or to one slightly higher. In two experi- 
ments the initial fall amounted to 30 and 40 mm H,0, respectively, and the 
pressures rose slowly towards the original levels, which were reached after 15 
and 20 min. In other respects these experiments resembled those in the first 
group. In three experiments no initial fall was observed in the pressure of the 
cerebrospinal fluid, but otherwise the changes followed the usual pattern. 


4 
Be 

“a 

+ 

‘ 


10P PROCEEDI NGS OF THE PHYSIOLOGICAL 


The rapidity of the changes in pressure of the cerebrospinal fluid suggests that 
they are of vascular origin and are probably brought about by relative varia- 
tions in the intracranial and in the intraspinal venous pressures. Tilting was 
invariably accompanied by a rise of 10-20 mm Hg im the mean arterial blood 
pressure recorded in the femoral artery. This rise was maintained until the 
animals were returned to the horizontal position, when it fell abruptly to its 
original level. Similar changes in the mean arterial blood pressure in the 
femoral artery accompanied tilting from the horizontal to the tail upwards 
position (Bedford, 1958). 

It would appear from the results of these experiments, and from those in 
which the animals were tilted to the tail upwards position, that a mechanism 
exists in the dog by which the intracranial pressure of the cerebrospinal fluid 
is maintained within a fixed pressure range, irrespective of the position of the 
animal. Adjustment appears to be effected more rapidly after tilting to the 
head upwards than to the tail upwards position in the anaesthetized animal. 


REFERENCE 
Bedford, T. H. B. (1958). J. Physiol. 141, 3-4P. 


The action of sympathomimetic amines on the heart rate. By 
J. H. Burn and J. M. Watker. Department of Pharmacology, U — 
of Oxford 

We have studied the action of sympathomimetic amines on the rate of the 
heart-lung preparation of the dog. We have used normal dogs and also dogs 
injected with reserpine on 2 days previously. The amount was 5 mg given 
intraperitoneally on each day. Those substances which were not catecholamines 
caused a large rise in rate in preparations from normal dogs, but had little or no 
effect on the rate in preparations from dogs treated with reserpine. The sub- 
stances in this group which were tested were tyramine, phenylethylamine, 
amphetamine, phenylethanolamine and ephedrine. 

Those substances which were catecholamines behaved in the opposite way. 
They had a greater effect on the rate in preparations from reserpine-treated 
dogs than in preparations from normal dogs. The substances tested included 
noradrenaline and isoprenaline. Dopamine, however, although a catechol- 
amine, had less effect in reserpine-treated dogs. 

The effect of previous treatment with reserpine was similar to the effect 
of inj jecting cocaine in a preparation from a normal dog. In the presence 


of cocaine the effect of tyramine was greatly reduced and the effect of 
noradrenaline was greatly increased 
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Bertler, Carlsson & Rosengren (1956) showed that treatment with reserpine 
caused disappearance of the store of catecholamines from the heart. We con- 
clude that amines which are not catecholamines increase the heart rate by 
causing & liberation of catecholamines from this store. 


REFERENCE 
Bertler, A., Carlsson, A. & Rosengren, E. (1956). Naturwissenschaften, 48, 521. 


The disappearance of radiosodium from the skin of sensitized 
guinea-pigs. By R. Sr J. Buxton* and R. J. 8. McDowau. Depart- 
ment of Physiology, King’s College, London, W.C. 2 


The rate of disappearance of radioactive sodium in normal and sensitized 
guinea-pigs has been studied. Sensitization was carried out with a single 
subcutaneous injection of egg albumin and the animals were used after 
21-24 days. Both normal and sensitized animals were injected intradermally 
with “NaCl in physiological saline into the shaved abdomen. They were 
placed under a lead screen with a hole in it of 1 cm diameter over which a 
Geiger counter was fixed at a distance of 2 cm from the injection site. Using a 
rate meter, the counts were recorded at timed intervals. The count rates fell 
exponentially in every case, but the rate of fall in the sensitized animals was 
much greater than in the normal guinea-pigs (P < 0-02). 


* Present address: Department of Physiology, University of Bristol. In receipt of a grant from 
the Asthma Research Council. 


Anoxia, temperature and breathing in the new-born rabbit. By 
Joan C. Morr. Nuffield Institute for Medical Research, University of 
Ozford 

In the new-born baby administration of 15°, O, causes hyperpnoea, but this 
hyperpnoea is poorly maintained (Cross & Oppé, 1952). It was interesting 
to see whether this phenomenon occurred in the new-born rabbit. Preliminary 
observations showed that the new-born rabbit had chemoreceptor respiratory 
reflexes, since the hyperpnoea caused by injection of sodium cyanide was 
abolished by denervation of the carotid bifurcations and vagotomy. 

The breathing of lightly anaesthetized or unanaesthetized new-born rabbits 
was measured by placing them in a brass tunnel and by recording the changes 
in electrical capacity between the tunnel and the rabbit. Gas mixtures con- 
taining air or 8-18% O, were circulated through the tunnel. During anoxia 
there was an initial hyperpnoea, which was greater and better maintained in 
rabbits 3-6 days old than in rabbits on the first day of life. After 5-10 min © 
anoxia the minute volume often fell below the initial value, and was still 
further depressed when the rabbit was given air to breathe once more. 
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A decrease of environmental temperature was usually accompanied by an 
increase in rate and depth of breathing. The response to anoxia was smaller 
and less well maintained at low temperatures. Inability of the new-born to 
maintain hyperpnoea during anoxia may, therefore, not be entirely attributable 
to depression of the respiratory centre as suggested by Cross & Oppé (1952). 


REFERENCE 
Cross, K. W. & Oppé, T. E. (1952). J. Physiol. 117, 38-55. 


Effects of some drugs on the human y-efferent-spindle system. 
By A. J. Butter and A. C. Dornnorst. Departments of Physiology and 
Medicine, St Thomas’s Hospital Medical School, London, S.E. 1 


The state of the y-efferent—spindle system was tested by comparing electrical 
activity in gastrocnemius—soleus during (1) reflex responses (with and without 
reinforcement) to standardized blows on the Achilles tendon (ankle jerk), with 
(2) reflex responses to electrical stimulation of medial popliteal afferents (H 
reflex). 

In the first group of experiments drugs were given by continuous infusion 
into the popliteal artery. 

No effects were produced by procaine or nupercaine in doses approaching 
those capable of general effects when given intravenously. 

Decamethonium, suxemethonium and tubocurarine all caused proportional 
depression, both during induction of paralysis and recovery. It was concluded 
that the spindle endings were relatively insensitive to these drugs by this 
route. 

In the second group of experiments 15-30 ml. of 1/1500 nupercaine was 
injected near the medial popliteal nerve proximal to the stimulating electrodes. 
In three out of eight subjects gross depression of the ankle jerk was produced, 
with little or no depression of the H reflex. Reinforcement was still effective. 
It was concluded that a differential block of y-efferents, tonically active in the 
resting limb, had been produced. 


The effect of oxytocin and vasopressin on the urinary excretion of 


Medical Unit, St Mary’s Hospital Medical School, London, W. 2 


Brooks & Pickford (1958) have presented good evidence that oxytocin, at low 
rates of urine flow, and especially mixtures of oxytocin and vasopressin, at 
both high and low rates of urine flow, increase the urinary excretion of sodium, 


water and electrolytes in the human subject. By W. B.Taomson*. 
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chloride and sometimes potassium by the conscious bitch. There is, however, 
no general agreement on the effects of these hormones on electrolyte excre- 
tion in man, although their administration as mixtures in the ratios suggested 
by Pickford does not appear to have been reported previously. 

In all the experiments the hormones [synthetic oxytocin (Syntocinon, 
Sandoz) and vasopressin (Pitressin; Parke, Davis and Co.)] were diluted in 
normal saline and given intravenously with a motor-driven syringe. During 
_ the control periods saline up to 20 ml. was infused. Urine was passed naturally, 
the bladder being emptied as fully as possible every 10-15 min. Urine was 
collected for at least 90 min after injection of each test substance. 

Three normal young males were given Pitressin in doses of 70, 100 and 
110 m-u., respectively, over periods of 20-30 min during water diuresis. 
Despite a marked antidiuresis in all three subjects, there was no increase of 
sodium or potassium excretion. 

Fifteen normal young males were given oxytocin in doses varying from 
100-3000 m-u. over periods of 10-30 min. Neither of two subjects who were 
given 100 m-u. each showed any change in water or electrolyte excretion. 
The other thirteen subjects all received 200 m-u. or more and in all cases, 
except one subject who received 1000 m-u. over 30 min, there was a definite 
antidiuresis coming on within 10 min of commencing the infusion, and lasting 
20-40 min in all except one subject whose urine flow did not return to pre- 
infusional levels for 70 min. This subject had received 1000 m-u. over 30 min. 
The mean initial urine flow in the twelve subjects who responded was 14-4 
(s.D. + 3-2) ml./min and 4-2 (s.p. + 2-5) ml./min at the time of maximal anti- 
diuresis. In no subject was there any change in blood pressure or pulse rate. 
In no case was any increase of sodium, chloride or potassium excretion seen. 

Three subjects received 700, 750 and 800 m-u, oxytocin intravenously 
during a period of low urine flow. No increase in sodium, chloride or 
potassium excretion was seen. | 

Six subjects were given intravenous infusions of mixtures of oxytocin and 
Pitressin during water diuresis and, in three of these subjects, during periods 
of low urine flow. The ratios of oxytocin to Pitressin were 1:1, 25:1, 25:1, 
25:1, 30:1 and 50:1, respectively, with doses of Pitressin of between 20 and 
60 m-u. The infusions lasted 10-20 min. In no subject was any increase in the 
urinary excretion of sodium, chloride or potassium seen. 


REFERENCE 
Brooks, F. P. & Pickford, M. (1958). J. Physiol. 142, 468. 


* Sandoz Research Fellow. 
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Release of gastrin from the pyloric antrum following vagal 
stimulation by sham feeding in dogs. By Maune Pg Tuern and 
B. ScnorreLp. Department of Physiology, Medical School, King’s College, 
Newcastle wpon Tyne, 1 
Uvnis in 1942 suggested that vagal stimulation could release gastrin from the 
pyloric antrum. This view was not generally accepted. The main obstacle was 
the absence of any acid response to vagal stimulation by sham feeding or 
insulin hypoglycaemia in Heidenhain-type gastric pouches in dogs (Janowitz 
& Hollander, 1951). Burstall & Schofield (1953, 1954) found that, with sensitive 
methods for the detection of secretion, small but definite responses to vagal 
stimulation by both methods could be obtained. Sham feeding and food 
showing were found to be more effective stimuli than insulin hypoglycaemia, 
and evidence was presented that the responses depended on gastrin release 
from the antrum rather than on any residual vagal innervation of the Heiden- 
hain pouch. The actual amounts of secretion, however, were so small that the 
mechanism seemed unlikely to be of physiological importance unless the 
responses were being in some way inhibited. The demonstration by Woodward, 
Lyon, Landor & Dragstedt (1954) that low antral pH inhibits gastrin release 
indicates clearly a mechanism for such inhibition. During vagal stimulation 
with the stomach empty the antrum will become rapidly acidified by unbuffered 
secretion from the gastric corpus. 

Dogs were therefore prepared with separated pouches of the corpus and with 
the antrum isolated by a mucosal septum as a vagally innervated pouch. In 
two animals with Heidenhain type pouches large acid responses to sham feeding 
have been regularly obtained. In two other dogs the corpus pouches have 
been transplanted into the muscle of the abdominal wall with complete 
elimination of the original blood and nerve supply. These preparations also 
show satisfactory sham feeding responses, smaller than those of the Heiden- 
hain type, but this is to be expected in view of the low reactivity of trans- 
planted pouches. They can be considerably potentiated by repeated sub- 
cutaneous injection of subthreshold doses of urecholine (Mechothane; May and 
_ Baker, Ltd). In both groups the secretion rates following sham feeding are of 
the same order as the peak rates after meat meals in similar separated pouch 
preparations in normal dogs. 

Confirmation of the mechanism of the response has been obtained as follows. 
In one Heidenhain pouch preparation the antrum has been denervated by 
section of its sero-muscular connexion with the stomach, section of all lesser 
curvature connexions and stripping of the vessels of the greater curvature. 
This completely abolished the sham feeding response. In all four preparations 
acidification of the isolated antrum greatly reduces the sham feeding response. 

It is concluded that the experiments with transplanted pouches establish 
incontrovertibly that the vagus can release gastrin. In the absence of low 
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antral pH, the amounts liberated following sham feeding are sufficient to 
produce normal feeding rates of secretion in separated pouches. 
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Effect of atropine on changes in hand and forearm blood flow 
during insulin hypoglycaemia. By M. J. Attwoop and Jzan 


GinspuRG. Sherrington School of Physiology, St Thomas's Hospital 
Medical School, London, S.E. 1 


The effect of intra-arterial atropine on the changes in peripheral blood flow 
occurring during insulin hypoglycaemia (Abramson, Schkloven, Margolis & 
Mirsky, 1939; Allwood, Ginsburg & Paton, 1957) has been studied in healthy 
young adults, 

Soluble insulin (0-1 u./kg body wt.) was given intravenously to fasting 
subjects after atropine (0-5 mg) had been infused into the brachial artery. 
Further reinforcing doses of atropine (0-5 mg) were given 5 and 15 min after 
the injection of insulin, Blood flow was measured simultaneously in both 
hands or in both forearms by venous occlusion plethysmography ( cubs 
& Swan, 1953). 

There was no change in the resting level of hand or of forearm blood flow 
following intra-arterial atropine. Sweating was abolished in the atropinized 
arm, although occurring in other areas during hypoglycaemia. There was no 
marked difference between the vasodilator response in the control and treated 
hands during insulin hypoglycaemia. In the forearm, however, the increase in 
flow was significantly reduced on the atropinized compared with that on the 


control side. 
REFERENCES 
Abramson, D. I., Schkloven, N., Margolis, M. N. & Mirsky, I. A. (1939). Amer. J. Physiol. 128, 
124-132. 
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The sensitivity to stretch of extra-ocular muscle spindles. By 
D, Wurrreriper. Department of Physiology, University of Edinburgh 

If an extra-ocular muscle is stretched after its motor nerve has been cut, the 

frequency of discharge of afferent fibres from the muscle spindle increases 

linearly with stretch, over a range rather larger than that used in normal eye 
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movements. This increase is usually 1-3 impulses/sec/mm, but may on occasion 
be as high as 10 impulses/sec/mm. These results are similar to those of Eldred, 
Granit & Merton (1953) on limb muscles. Where stimulation of a dissected 
slip of the IV nerve increases the discharge of the spindle but produces no 
extrafusal contraction, the response to stretch remains linear, but the 
sensitivity to stretch increases and may reach 20 impulses/sec/mm. Sensitivity 
to stretch increases linearly with the frequency of intrafusal muscle fibre 
stimulation up to 100-150 stimuli/sec. 

Sensitivity to stretch measured in these units seems a better indication of 
intrafusal muscle activity than ‘bias’ as measured by Eldred, et al. (1953). 


REFERENCE 
Eldred, E., Granit, R. & Merton, P. A. (1953). J. Physiol. 122, 498-523. 


Pulmonary vasoconstrictor fibres in the stellate ganglion of the 
cat. By Hexen N. Duxez and R. D. Steperorp, Royal Free Hospital 
School of Medicine, London, W.C.1 


Daly and his co-workers (for references see Daly 1958) have demonstrated 
pulmonary vasomotor fibres in the sympathetic system of the dog. Pulmonary 
vasomotor effects were shown by Tribe (1914) and Le Blanc & van Wyngaarden 
(1924) in cat’s isolated perfused lungs following electrical stimulation of the 
stellate ganglia, bat other workers obtained conflicting results. 

The experiments now reported were performed in cats under chloralose 
anaesthesia with the chest opened and positive pressure ventilation. Measure- 
ments were made of O, consumption, and arterial and mixed venous blood O, 
content. Left auricular and right ventricular pressures were recorded using 
salme manometers from cannulae and catheters inserted into the heart 
chambers. Calculations were made of blood O, tensions, cardiac output (direct 
Fick) and pulmonary vascular resistance (resistance=right ventricular 
pressure minus left auricular pressure/cardiac output). Where possible, test 
procedures were bracketed by control estimations. 

Removal of both stellate ganglia and the upper 4-5 thoracic sympathetic 
ganglia caused a decrease in pulmonary vascular resistance (maximum 
decrease 63°%, from control). Electrical stimulation of the cardiac branches 
of the stellate ganglia or constant intravenous infusion of adrenaline (2-4 .g/ 
min) into the acutely stellectomized animal increased the pulmonary vascular 
resistance (max. 75° increase from control). Infusion of the same dose of 
adrenaline when the stellate ganglia were intact had no effect on the pulmonary 


vascular resistance. These effects appeared to be independent of changes in 
cardiac output. 
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Heart-lung-kidney preparations from cats. By Mary F. Locxerr. 
Department of Physiology and Pharmacology, Chelsea College of Science 
and Technology, London, 8.W. 3 

Intense reddening and oedema of the lungs developed immediately the renal 

venous blood was allowed to return to the reservoir in seven out of nine 
preparations in which a kidney from one cat was perfused by a heart-lung 
preparation from a second cat with heparinized blood from other cats. This 
pulmonary oedema was not accompanied by left ventricular failure, for 
systemic arterial pressures were maintained at steady levels of 110-130 mm Hg 
for periods of 20-50 min after bright red frothing fluid had begun to pour from 
the tracheal cannulae. Pulmonary oedema developed in only one of fourteen 
preparations in which both the kidney and the heart-lung were derived from 

‘the same cat, but in which blood from other cats filled the perfusion circuit. 

Such homologous heart—lung-kidney preparations from cats remain suitable 

for experimental work for 4-6 hr. After a period of ischaemia not exceeding 

3 min the renal blood flow rises during the first 15-30 min of perfusion at a 

constant aortic mean pressure of 130 mm Hg with a peripheral resistance in the 
non-renal part of the systemic circulation constant of 100 mm Hg. Thereafter 
the renal blood flow becomes constant at 2-5-3-5 ml./g tissue/min. Rates of 
urine secretion have varied from 0-2 to 5-0 ml./kidney/hr, and are governed by 
the composition of the circulating blood rather than by the state of hydration of 
the cat from which the heart—lung-kidney preparation was made. Creatinine 
clearances and the sodium concentration in the urines have varied from 1-0 to 

6-0 ml./min and 10-290 equiv/ml., respectively. 

Preliminary pharmacological study has been made to ascertain the cause of 
the acute pulmonary oedema so frequently seen when a autologous kidney is 
used. The tracheal exudates cause contraction of guinea-pig (but not of rat) 
ileum which is slow in onset, and also contain a little histamine. No such 
activity was found in the renal arterial and venous plasmas, nor in tracheal 
exudates resulting from lung oedema caused either by left ventricular failure 
or by dilution of the blood with Tyrode’s fluid. A similar smooth-muscle 
stimulant is sometimes formed on incubation at 37° C of lung slices with renal 
venous plasma collected from perfused autologous kidneys. 
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Pilo-erection by nicotine and chromaffin tissue. By J. H. Burn, 
E. H. Leacn and M. J. Ranp. Departments of Pharmacology and 
Phystology, University of Oxford 

In 1940, Coon & Rothman showed that the injection of nicotine or of acety]- 

choline into the skin of the cat’s tail would cause erection of the hairs. They 

found that this reaction did not occur in the skin of the tail after degeneration 
of the sympathetic fibres, though pilo-erection was still caused by the injec- — 
tion of adrenaline. They concluded that nicotine initiated an axon reflex. 

We have recently repeated some of these observations, and have found 
that when a cat is treated beforehand with reserpine, nicotine then no longer 
causes pilo-erection. We have also extracted the skin of the cat’s tail and tested 
the extract for pressor action in the spinal rat, comparing the extract with 
noradrenaline. We have found that normal skin contains activity equivalent 
to 0-27 ug/g, while skin from cats treated with reserpine contains 0-06 yg/g. 

Tail skin has also been fixed in Orth’s fluid. Staining of sections of this 
material by the modified Giemsa method of Nordenstam & Adams-Ray 
(1957) reveals cells containing granules similar to the chromaffin cells de- 
scribed by these authors in human skin. The cells are found plentifully around 
the hair follicles, near small blood vessels and even in the erector pili muscles. 
Staining with Azur II or with the PAS method shows that these cells also con- 
tain mucoprotein granules; they could therefore be classed as mast cells. 
Material taken from a reserpine-treated cat shows that most but not all of 
these cells have lost nearly all the granules stainable by the Giemsa method ; 
the mucoprotein granules of these cells are not reduced in number. 

Our results suggest that the pilo-erection caused by nicotine and acetyl- 
choline is due to the release of a noradrenaline-like substance, probably from 
chromaffin cells present in the skin of the cat’s tail. From the work of Coon 
& Rothman it would appear that these cells (or perhaps their content of 
chromaffin material) disappear after sympathetic denervation. | 
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Venous temperature registration, and its use as an index of 
muscle blood flow. By V.C. Apranams.* National Institute of Medical 
Research, Mill Hill, London, N.W.7 

In experiments on cats it was shown that the temperature of the blood leaving 
a muscle is dependent on the rate of blood flow through the muscle. When 
muscle blood flow increased, the effluent blood temperature increased and 
vice versa. It was found that the temperature changes associated with quite 
small fluctuations in flow, such as those associated with the respiratory cycle, 
were sufficiently large to be registered by a thermistor introduced into the 
blood stream. 

The procedure used was as follows. In cats anaesthetized with chloralose 
the femoral vein of one limb was cut and a small chamber was inserted 
into the cut ends so that the blood could flow through it; the chamber was 
machined from Araldite block. An unmounted bead thermistor (Standard 
Telephones Type U. 2361), cemented to the wall of the chamber, was used to 
detect temperature changes of the blood passing through it. The changes were 
registered using a conventional bridge circuit, the output of which was 
recorded by a Speedomax Type ‘G’ pen recorder. The paw was tied off and 
the limb was skinned. 

In order to study the muscle blood flow in conscious cats the femoral vein 
temperature was used as an index of muscle blood flow. In a preliminary 
operation the animals were anaesthetized with ether and the femoral vein was 
cut for the insertion of the small Araldite chamber. In these experiments 
the paw was not tied off and the limb was not skinned. The use of the tempera- 
ture of the whole outflow from the femoral vein as an index of muscle blood 
flow is feasible when responses to nociceptive stimuli are studied, because an 
increase in muscle blood flow is accompanied by a fall in skin blood flow. 


A method of measuring oxygen tension in blood and gas using 
a covered platinum electrode. By J. M. Bisnor and A. C. Prncocx. 
Department of Medicine, University of Birmingham, Queen Elizabeth 
Hospital, Birmingham, 15 

The type of oxygen electrode proposed by Clark (1956) provides a versatile 

instrument suitable for measurement of oxygen tension in a gas mixture, or in 

a fluid such as blood. When used for the latter purpose it overcomes many of 

the difficulties which have prevented the use of bare platinum or dropping 

mercury electrodes in the past. The cathode, which is maintained at —0-6 V, 

and the Ag-Ag(l, reference anode are separated from the blood, or gas, by a 

polyethylene membrane. Oxygen diffuses through the membrane to be re- 

duced at the cathode, but no current flows through the blood. 
* Beit Memorial Research Fellow. 
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The instrument: has a linear output for oxygen tensions from zero to one 
atmosphere of oxygen, both in gas mixtures and in water or blood equilibrated 
with known gas mixtures. It is stable over a period of several hours, although 
the sensitivity varies slightly with different pieces of membrane material. 
The response time depends on the diffusivity of the membrane. The over-all 
temperature sensitivity of the electrode is 5%/1°C and it is markedly 
sensitive to pressure transients. Flow sensitivity has proved the major diffi- 
culty, and rapid fluid movement is required in order to overcome the resis- 
tance to oxygen diffusion of the stationary boundary layer of fluid. The 
chamber into which blood is introduced is a recess in a stainless steel block 
covered by glass; blood is stirred by a glass-coated iron slug rotated by a 
magnet at 2000 rev/min. The water jacket temperature is controlled to 
+0-1° C. 

Using water equilibrated with air and with nitrogen as calibration points, 
the oxygen tension of blood was estimated in 15 tonometer experiments over 
the range 0-140 mm Hg. The mean difference between the estimated and 
tonometer values was 0-13 mm Hg (s.p. 1-2). 

In fourteen similar experiments in the range 140-270 mm Hg the observed 
value fell below the tonometer value. The standard deviation of the differences 
for the calculated regression line was 1-9 mm Hg. 


REFERENCE 
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A miniature chart recorder. By H. 8. Wo.rr. Bio-Engineering 
Laboratory, Division of Human Physiology, National Institute for Medical 
Research, London, N.W.3 


The miniature recorder, a prototype of which is described below, was designed 
with the object of being able to record physiological variables on unhampered 
subjects. The weight of the prototype is 4} lb. (2 kg) complete with batteries 
sufficient for 100 hr, and its dimensions are 6} x 5 x 3$ in. (16 x 13 x 4-5cm). 
The input to the recorder can either be in the form of a resistance change, a 
small potential, or change in potential. The general principle is that of a self- 
balancing Wheatstone bridge or potentiometer. In the bloc circuit diagram 
the recorder is shown in its Wheatstone bridge configuration. The unbalance 
voltage is amplified by a direct-coupled transistor amplifier which feeds a 
sensitive moving coil relay (RLB). This in turn energizes a servo motor which 
drives a contact along a slide wire (R,-) thus rebalancing the bridge. The same 
servo motor drives a stylus along a leadscrew which marks the chart. The 


_ recorder is required to work over an ambient temperature range of —50° to 


+50° CO; it was considered to be impossible to construct a DC transistor 
b2 


we 
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Miniature chart (2 in. diameter) Moving coil 
Driven by pocket-watch movement relay RLB 
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Fig. 1. Block circuit diagram of miniature chart recorder. 


Fig. 2. The complete prototype recorder and power pack. 
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amplifier of high gain (2000) which had the required stability. An automatic 
amplifier rebalancing system has therefore been built in. 

Contacts in the clockwork chart drive are arranged to ‘make’ for a few 
seconds every 15 min. Their closure operates Relay RLA, which causes the 
input to be removed from the error amplifier and the output to be applied 
to a second servo motor driving a potentiometer in the amplifier circuit. 
Any drift of the amplifier will show up as an output for zero input and will 
be corrected by driving the balancing motor in the appropriate direction. 
The thermal insulation and thermal mass of the amplifier are such that it 
is unlikely that there will be sufficient drift in 15 min to produce a visible 
excursion of the pen. 

Circular charts 2in. (56cm) in diameter are used. The pen marking is 
sufficiently thin to allow a resolution of 1% of full scale. The bridge arms 
R,, Rp and Rg are plug-in components so that any sensing element (R,) and 
any desired resistance change for full-scale excursion can be matched. The 
sensitivity of the system is such that for a typical application using a 
_ thermistor sensing element the span can be as small as 1° C, or 10 mv when 
used as a potentiometer. The instrument will be produced commercially by 
Electro Methods Ltd. 


A state of reduced histamine sensitivity of the guinea-pig’s ileum 
induced by an extract of white blood cells. By W. Fre.psere 
and B. Kovacs. National Institute for Medical Research, Mul Hull, 
London, N.W.7 


Conditioned defence reactions in cats established on the basis of 
hypothalamic stimulation. By V. C. Apranams, 8. M. Hitron and 
A. Zprozyna. National Institute for Medical Research, Mill Hill, 
London, N.W.7 


The site of action of tubocurarine on injection into the cerebral 
lateral ventricle. By W. Fe.ppere and J. L. Matcoim. The National 
Institute for Medical Research, Mill Hill, London, N.W.7 


In order to locate the site of action of tubocurarine, when on injection 
into the cerebral lateral ventricle of the cat it produces strong muscular 
activity and pronounced changes in the electrical activity of the brain 
(Feldberg & Sherwood, 1954; Feldberg, Malcolm & Sherwood, 1956; 


a 
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Feldberg, Malcolm & Darian Smith, 1957) the following experiments were 
made. 

(1) By recording the electrical activity from homotopic points on either 
side of the mid line of the brain, it could be demonstrated that the changes 
produced by unilateral injection occurred with similar latencies and intensities 
on both sides, thus excluding the structures lining the lateral ventricles as the 
sites at which the activity originated. 

(2) By perfusing tubocurarine (1: 10,000) in anaesthetized cats through a 


cannula into the lateral ventricle and placing the outflow cannula at various | 


points between the third ventricle and the cisterna, it could be shown that the 
aqueduct was the most sensitive region for eliciting increased excitability of 
somatic reflexes and spontaneous muscular activity. 


Feldberg, W., Malcolm, J. L. & Sherwood, 8, L. (1956). J. Physiol. 182, 130-145. 
Feldberg, W., Malcolm, J. L. & Smith, I. Darian (1957). J. Physiol. 188, 178-201. 
Feldberg, W. & Sherwood, 8. L. (1954). J. Physiol. 123, 148-167. 


Passage of intravenously infused adrenaline into perfused sub- 
arachnoidal and cerebral ventricular spaces. By M. DraSxoci*, 
and P. 8. R. K. Haranatn*. The National Institute for Medical Research, 
Mill Hill, London, N.W. 7 


To find out if adrenaline passes from blood into subarachnoidal and cerebral 
ventricular spaces, 40 wg/min/kg adrenaline was infused intravenously into 
cats under chloralose anaesthesia, and ventricular and/or subarachnoidal 
spaces were perfused with 0-1 ml./min Locke’s solution containing 1 pg/ml. 
ascorbic acid. Adrenaline in perfusate and in arterial plasma was assayed on 
the rat uterus stimulated by acetylcholine. 

The adrenaline plasma concentration reached after 1 hr was mostly maintained 
during subsequent hours of infusion, but varied in different cats, independent 
of body weight, between 1 and 32 yg/ml.; mostly between 4 and 10 ug/ml. 

Before adrenaline infusion the cisternal effluent collected on perfusion from 
the lateral ventricle usually produced no adrenaline-like effect on the rat 
uterus; occasionally effects corresponding to not more than 0-01 pg/ml. 
adrenaline were obtained, Within the first 30 min of infusion, adrenaline 
appeared regularly in the effluent; its concentration rose in the subsequent 
two or three half-hour samples, was then either maintained, fluctuated or 
decreased. The maximal output in different experiments varied between 4 and 
200 ng/min and was not always dependent on the plasma adrenaline level. 


* W.H.O. Fellows. — 
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The following three findings show that some of this adrenaline has entered 
the perfusate in the ventricles but that when the output was high, most of it 
must have originated from the subarachnoidal space. 

(1) With perfusion from lateral ventricle to aqueduct, the subarachnoidal 
space being excluded from perfusion (Bhattacharya & Feldberg, 1958), adrenal- 
ine still appeared in the effluent; the maximum output was between 1-5 and 
8-3 ng/min. 

(2) A high adrenaline output obtained on perfusion from ventricle to cisterna 
always became low when the outflowing cannula was inserted into the aqueduct. 

(3) With perfusion from cerebral (parietal) subarachnoidal space to cisterna 
adrenaline output was high. In one experiment it was over 100 ng/min; 
on subsequent perfusion from lateral ventricle to aqueduct the output was 
only 8-3 ng/min. 

During intravenous infusion, adrenaline escaped also into the spinal sub- 
arachnoidal space. With perfusion between cisterna and lumbar region, the 
maximal output varied between 14 and 138 ng/min. 


REFERENCE 
_ Bhattacharya, B. K. & Feldberg, W. (1958). Brit. J. Pharmacol. 18, 156-162. 


Electron microscopy of dendrites and axons of the cerebral cortex. 
By E. G. Gray. Department of Anatomy, University College London 


Dendrites are seen to contain numerous longitudinally arranged tubules 
(diameter about 230 A) lying from 400-1000A apart (Fig. 1). These tubules are 
probably the structures referred to as neural filaments by Schultz, Maynard 
& Pease (1957) and as endoplasmic reticulum by Palay (1956). Axons in the 
cortex contain few such large tubules and their neurofilaments appear as 
dots in cross-section (Fig. 2), less than 100 A in diameter. 

Schultz et al. (1957), in their work on the rat cortex, mention the frequency 
of profiles containing vesicles, and this evidence confirms their doubt whether 
they are all ‘synaptic vesicles’. Robertson (1956) has suggested that synaptic 
vesicles may have a tubular nature. In this present study it is shown that 
some of the cell processes appear to contain vesicles, but that these are in fact 
cross-sections of continuous tubules contained within dendrites. 
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Figs. 1 and 2 


Subjective sensations and sub-clothing temperatures in Antarctica. 


By J. M. Apam. Division of Human Physiology, National Institute for — 


Medical Research, London, N.W.3 


On a recent Antarctic expedition it was possible to study six men who had 
been on the continent for not less than 15 months and others who had only 
recently arrived at Scott Base in McMurdo Sound. The temperature between 
clothing and skin was measured using the knitted wire fabric designed by 
Wolff (1958). The fabrics were constructed to form separate pants and vests 
worn next to the skin and covering the subjects from the neck to the ankles 
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and wrists. The garments, which are electrically continuous, are used as 
resistance thermometers to measure skin temperature, and readings w 
obtained using a Wheatstone bridge carried by the observer. 

The six subjects who had been in Antarctica for at least 15 months included 
three who were members of the Trans-Antarctic Expedition and they wore | 
the fabrics for the last 3 days of the 99-day journey across the continent (Sno- 
cat personnel). The other three were studied during dog-sledging journeys, 
which they had been doing for at least 3 months. All six had been travelling at 
an altitude of 10,000 ft. (3048 m) shortly before the readings were made. 
Newcomers were studied at Scott Base while they performed normal duties. 

At the time of each recording the subject described his sensations of 
thermal comfort under the headings—too warm, warm, comfortable, cool, 
chilly or cold. The following numbers, +2, +1, 0, —1, —2 and —3 were 
assigned respectively to these sensations for the purpose of statistical analysis. 
In Table I are set out the constants (derived from non-sweating subjects 
only) of the regression equations of the form 


Y=ar+b 
where Y is the sensation of comfort expressed in arbitrary units and z is the 
sub-clothing temperature (°C). 


to sub-clothing temperature (z) 


Vests Pants 
New arrivals 0-505 — 15-92 0-327 - 9-60 
Sno-cat personnel 0-482 — 15-27 0-372 ~ 10-94 
Sledgers 0-470 - 14-01 0-280 7-68 
All subjects 2 0-492 ~ 15-50 0-333 - 977 


It is suggested that these results do not support the hypothesis that 
persons acclimatized to cold are comfortable at skin temperatures which are 
lower than those to be found in unacclimatized subjects. 


REFERENCE 
Wolff, H. 8. (1958). J. Physiol. 142, 1-2 P. 


Head’s paradoxical reflex. By J. G. Wippicomse. Department of 
Physiology, St Bartholomew’s Hospital Medical College, London, E.C. 1 
In 1889 Head described a paradoxical reflex response to inflation of the lungs 
of the rabbit. With conduction in the vagus nerves partially blocked by cold, 
inflation caused a strong contraction of the diaphragm instead of the inhibition 
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normally seen with the vagi uncooled (the Hering-Breuer inflation reflex). 
Two explanations for the paradoxical effect have been offered. | 

(1) It has been suggested that it is due to end organs for the deflation 
reflex which also respond to inflation (Larrabee & Knowlton, 1946), although 
Paintal (1957) recorded nervous activity in fibres from deflation receptors and 
found that they were not stimulated by inflation. Differential cooling of the 
cervical vagi of the rabbit distinguishes between the afferent pathways for the 
Hering-Breuer inflation reflex (blocked at 10°C), the deflation reflex (8° C) 
and the paradoxical reflex (3-5° C); this supports Paintal’s views. — 

(2) Wyss (1954) believes that a slow rate of discharge by pulmonary stretch 
receptors is excitatory to inspiration, and that a cold block allows some nerve 
impulses to pass and thus converts the inspiratory inhibition caused by rapid 
discharge to an excitation due to the few impulses jumping the block. That 
some impulses jump the block has been confirmed, but adding a second cold 
block to trap them does not modify the reflex responses of the rabbit. Wyss has 
shown that threshold electrical stimulation of the vagi inhibits inspiration at 
high frequencies (100-200/sec) and excites it at low frequencies (5—50/sec). 
However, when the vagi central to the stimulating electrodes are cooled to 
10° C the reflex inspiratory inhibition seen with high frequencies is converted 
to an excitatory effect, and the latter is not blocked until 3-5° C is reached. 
Thus at least two fibre groups are being excited by ‘just threshold’ stimuli. 

It is therefore concluded that Head’s paradoxical reflex is a powerful 
excitatory reflex in the rabbit, and that it is distinct from the deflation reflex 
and from the Hering-Breuer reflex. Furthermore, the evidence that pulmonary 
stretch receptors have a bimodal action on the respiratory centres depending 
on the frequency of discharge is inconclusive. 
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Cutaneous afferent fibres and pain-producing chemicals. By Nancy 

FJALLBRaNT and A. Ieco. Physiology Department, University of Edinburgh 
Pain or itching is provoked when histamine, acetylcholine, histamine and 
acetylcholine, or 5 hydroxytryptamine (5-HT) are pricked into human skin 
or placed on the base of a cantharadine blister (e.g. Armstrong, Dry, Keele 
& Markham, 1953). To see if afferent fibres subserving pain could be dif- 
ferentiated from those mediating touch, pressure and temperature, these 
chemicals were injected into the femoral artery. Their actions on single afferent 
fibres, dissected from the saphenous nerves of cats, were examined. 
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Slowly adapting pressure receptors, with myelinated afferent fibres (conduc- 
tion velocity 20-35 m/sec) were first excited (2-3 min) and then depressed 
(4-10 min) by histamine (10-100 yg), histamine + Ach (30-300 ug) and 5-HT 
(3-30 yg). This effect was followed in the initially steady resting discharge 
from the endings and also in their response to pressing on the skin with a 
nylon thread. Complete recovery from a single injection took 30-60 min. 

Hair receptors with myelinated afferent fibres were not altered and rapidly 
adapting low-threshold touch receptors not examined. 

Mechanoreceptors, ‘heat receptors’ and ‘cold receptors’ with C afferent 
fibres were isolated as single units. None of these single units gave a sustained 
high-frequency discharge of impulses when the chemicals were injected and 
very few were excited at all, and then only mildly. A brief enhancement, 
20-60 sec after the injection, of the response to pressing on the skin was 
recorded for some mechanoreceptors. The single unit response to the appro- 
priate stimulus was depressed within 3 min of the injection, with maximal 
insensitivity at 7-10 min. after the injection. Full recovery took as long 
as 60 min. 

When multi-fibre strands were used, some C fibres were excited by the 
injections, but the receptors were not identified. These results do not support 
the idea that C fibres are exclusively pain fibres. 


REFERENCE 
Armstrong, D., Dry, R. M. L., Keele, C. A. & Markham, J. W. (1953). J. Physiol. 120, 326-351. 


Reflexions as the cause of ‘peaking’ of the arterial pulse wave. 
By D. A. McDonatp and M. G. Taytor. Department of Physiology, 
St Bartholomew's Hospital Medical College, London, E.C. 1 


It is common knowledge that the pulse pressure is greater in the peripheral 
than in the central vessels. We have studied this ‘peaking’ of the wave in the 
dog by making a harmonic analysis of a series of pulse waves recorded through 
a cardiac catheter introduced into one femoral artery and advanced by stages 
to the root of the aorta. The recordings were synchronized by using the QRS 
complex of ‘the e.c.g. We have also analysed the data of Laszt & Miiller 
(19524, 6), who made four simultaneous recordings using laterally inserted 
cannulae. 7 

Fourier analysis has been carried out up to frequencies of 10-12 c/s, and 
the amplitude of each component plotted along the aorta. From Laszt & 
Miiller’s results the wave could also be followed into the femoral and saphenous 
arteries. It was found that in the distal aorta and peripheral arteries the 
amplitudes of all components were increasing. This can only be explained as 
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due to reflexion at the periphery, which therefore must be regarded as partially 
‘closed ’. 

In one example the pulse rate was such that the distance from the root of 
the aorta to the pelvic bed represented a quarter-wave-length for the funda- 
mental frequency (2°85c/s) and thus a half-wave-length for the second 
harmonic, three-quarters for the third and a whole wave-length for the fourth. 
There was a minimum of amplitude (a partial ‘node’) of the second harmonic 
in mid aorta, and two nodes with an intervening anti-node for the fourth 
harmonic. For all but the fundamental these nodes and anti-nodes were re- 
presented by only small variations of amplitude which are attributed both to 
incomplete reflexion and to wave damping in travel. Records of the phase shift, 
expressed as phase velocity, also indicated the same reflexion behaviour 
(McDonald & Taylor, 1957). These findings can be explained as being mainly 
due to interaction of the harmonic components of the wave travelling from 
the heart with their primary reflexions. They are not consistent with the hypo- 
thesis that there is resonance, or the formation of ‘a standing wave’ (Hamilton 
& Dow, 1939). The variations between the maxima and minima are little 
different proportionately, for the 2nd and 4th harmonics, than they are for the 
3rd harmonic, and are all far less than in the case of the fundamental. Yet 
the 2nd and 4th frequency components are set close to a resonant length while 
the other two components are not. It seems clear, therefore, that although 
reflected waves are the cause of the ‘peaking’ of the pressure pulse, this should 
be differentiated from the phenomenon of resonance. 
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Formation of histamine by the foetus in the rat and man. By 


G. Kantson, Rosencren and T. Wuire. Institute of Physiology, 
University of Lund, Sweden 


Rat foetuses, from the 15th gestational day until one day before term, produce 
histamine abundantly (Kahlson, Rosengren & Westling, 1958; Kahlson, 
Rosengren, Westling & White, 1958). We have determined the formation of 
4C-histamine from “C-1-histidine in foetal tissues in vitro (Table 1). 

The liver is the principal manufacturer of histamine, even more potent than 
the adult rat stomach wall (370-980 counts/min/g). Note the rather low pro- 
duction rate in the liver one day before term (21st day). 

On centrifuging foetal tissue suspensions incubated with “(C-1-histidine 
about 85% of the “C-histamine formed was in the supernatant. Thus, the 
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formed histamine is loosely bound, which is consistent with the low histamine 
content of foetal tissues. 

Mast cells were not found in the foetal tissues examined except for the skin. 
TaBLE 1, Histamine formation in vitro by rat foetal tissues at the 19th and 21st day of pregnancy 
and of 2 days’ old young. The figures represent “C-histamine formed in 3 hr from ™“(-1- 


histidine expressed as counts/min/g tissue. The results for the organs were obtained by 
pooling the tissues in each litter. 1 ug “C-histamine gives 600 counts/min 


Litter 19 days Litter 21 days Young 2 days 


Total foetus 336 
Liver 32,540 2282 40 
pe 154 
Heart — 143+ aud 
— 187+ 
Gastro-intestinal tract 149 
Brain 21 
‘Rest of the body’, muscle, 68 
Total foetus except liver 383 — 28 


* Not determined. 
+ Figures uncertain because of small weight of the organs. 
In human pregnancy, interrupted on psychiatric indication, mother and 
foetus were investigated for the histamine content of blood. With the foetus 
(weight 90-285 g) in utero (Caesarean operation) blood was collected from an 
umbilical artery. The foetus was then removed and bled from a carotid artery. 
In healthy women at term blood was collected from the umbilical vessels. The 
histamine activity (Code’s procedure), assayed on guinea-pig’s ileum, was 
antagonized by mepyramine and destroyed by histaminase. The mother’s 
plasma consistently contained < 0-014 ug/ml. (histamine base), whereas foetal 
carotid artery and umbilical artery plasma mostly contained histamine in 
measurable amounts. The umbilical vein plasma contained less, a difference 
likely to result from diffusion between foetal and maternal blood in the 
placenta. 

Human foetal tissues did not form histamine in vitro as they appear to do in 
utero. The discrepancy suggests that we have not found the conditions favour- 
able to human foetus histidine decarboxylase. 
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A system in the mammalian skin sensitive to X-irradiation and 
insensitive to the oxygen effect. By P. Ciccaronsz and J. Renson, 
Laboratories of General Pathology and of Civil Security, University of 
Lnége, Belgium 
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The velocity constant, k,, of the reaction Hb,O, > Hb,O,+ 0, in 
dilute sheep haemoglobin solutions. By Q. H. Grsson and 
F. J. W. Roventon. Department of Biochemistry, University of Sheffield 
and Department of Colloid Science, University of Cambridge 


Gibson & Roughton (1955) have shown that when dilute solutions of oxyhae- 
moglobin, in equilibrium with O, pressures ranging from 300 to 800 mm Hg, 
are mixed with buffer solutions equilibrated with CO at 1 atm., the rate of 
replacement of O, by CO, r, is given by the equation 
1 4 ALA 
where kg, I, are the respective velocity constants of the reactions 

Hb,0, +0, > Hb,O, and Hb,(CO),+CO Hb,(CO),. 
From a plot of 1/r against [O,] the value of 4/k,, and thence of k,, could then 
be obtained by extrapolation to zero O, concentration. This procedure, al- 
though quite sound theoretically, is practically inconvenient, as four or five 
determinations of the rate of the replacement reaction at different oxygen 
concentrations are required in order to obtain the value of k,. 

It is clear that if the rate of the replacement reaction could be determined 
at zero oxygen concentration then k, would be found directly. To do this we 
have mixed a dilute solution of oxyhaemoglobin in equilibrium with O, at 
10-20 mm Hg with 0-4 % Na,8,0, solution in buffer equilibrated with 1 atm. of 
CO. After mixing, the oxygen concentration in the mixture is rapidly reduced 
to zero by the Na,S,0, and maintained there while the oxygen is replaced by 
carbon monoxide. 

Direct tests in which the value of k, for the same sample of blood has been 
determined using Na,S,0, and the original replacement method of Gibson 
& Roughton have given good agreement at pH 9-1, and it is hoped that the new 
method will prove convenient for obtaining an important individual velocity 
constant of the oxygen-haemoglobin in a single simple operation. 
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Some kinetic studies on electrophoretically distinct haemoglobins 
of the sheep. By J. C. Kernonan. Department of Colloid Science, 
University of Cambridge 

The two electrophoretically distinct haemoglobins in sheep described by 


Harris & Warren (1955) have been compared in the kinetics of some reactions 
with oxygen and carbon monoxide. 
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Points on the oxygen equilibrium curve in the range 0-2% saturation 
were determined by the method of Roughton, Otis & Lyster (1955) for eight 
samples of haemoglobin, four showing each type of electrophoretic behaviour. 
The values of K,, the equilibrium constant of the reaction Hb, +0,=Hb,0, 
at 20° C and pH 9-1, range from 0-113 to 0-134 mm Hg~ in the case of the 
slow-moving haemoglobin at pH 8-6 and from 0-154 to 0-176 mm Hg- in the 
case of the fast-moving haemoglobin. Thus the fast-moving haemoglobin 
shows on average a 30%, higher affinity for oxygen than the slow. This dif- 
ference is very similar to that found by Huisman, van Vliet & Sebens (1958) 
at pH 7-2 and 37° C for the O, pressure at half saturation. 

The velocity constant k, of the reaction Hb,O,->Hb,0, + 0, determined by 
the method of Gibson & Roughton (1958) shows a similar difference between 
the haemoglobins. The results for the slow-moving haemoglobin range from 
54 to 59 sec? compared with 38 to 43 sec for the fast-moving haemoglobin. 

The reaction of carbon monoxide with reduced haemoglobin was studied 
by the method described by Gibson & Roughton (1955), the value of I’, 
(the velocity constant of the reaction Hb, +CO—-Hb,(CQ)) being determined 
from the initial stage of the reaction. Its value ranged from 776 to 904 mm-! 
sec! at 20° C and pH 9-1. The two haemoglobins show no significant difference 
in this respect, the mean values being 832 mm~! sec! for the slow-moving 
haemoglobin and 852 mm~ sec~ for the fast-moving haemoglobin. 

Thanks are due to Dr A. D. Bangham, A.R.C. Institute of Animal Physiology, Babraham, for 
samples of sheep blood. 
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Choline acetylase in the gill plates of Mytilus edulis. By A.8. Mitton. 
Department of Pharmacology, University of Oxford 

It has been previously demonstrated (Biilbring, Burn & Shelley, 1953) that the 
ciliary movement on the gill plates of Mytilus edulis is controlled by acetyl- 
choline. At that time only a feeble indication of the presence of a choline 
acetylase system in the gill plates was obtained. This system has been re- 
investigated using improved methods. 

The effect of temperature on acetylcholine synthesis was studied and a 
summary of the results is shown in Table 1. 

These findings illustrate in the first place a much greater choline acetylase 
activity than was previously found. Moreover, they showed that there was 
little change in the rate of synthesis at the normal environmental temperature 
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of Mytilus (12-20° C), but that the rate diminished at 37° C, presumably as a 
result of inactivation of the enzyme. Attempts were made to purify the 
enzyme and at 30° C a rate of synthesis of 300 wg ACh/g/hr was obtained. 

The effect of temperature on the enzyme was studied. After 1 hr at 20° C 
a 5°, decrease in activity was observed, whereas after 1 hr at 37° C the activity 
had decreased by 75%. This showed that the enzyme was rapidly inactivated 
by a temperature at which mammalian choline acetylase is approaching maxi- 
mum activity. The same effect of inactivation has been shown to occur in 
choline acetylase from fish (Milton, 1958) which also lives between 12 and 
20° C. 


TaB_e | 
pg ACh synthesized/ 
Temp. (° C) g acetone powder/hr 
12 67 
17 73 
22 91 
27 130 
32 140 
37 123 


These results confirm the observations of Biilbring et al. that a choline 
acetylase system is present in Mytilus edulis, that it is highly active, that a 
steady rate of synthesis occurs over the environmental temperature range, 
and that though the enzyme is fairly stable between these limits, it is rapidly 
inactivated at higher temperatures. 


REFERENCES 


Bilbring, E., Burn, J. H. & Shelley (1953). Proc. Roy. Soc. B, 141, 445. 
_ Milton, A. 8. (1958). J. Physiol. 142, 25 P. 


Weal and flare in human skin produced by histamine and other 
substances. By A. Herxuermer and M. Scuacuter. Department of 
Therapeutics, St Thomas’s Hospital Medical School, London, S.E. 1, 
and the Department of Physiology, University College London 


Although histamine is the most prominent wealing agent in man there is 
recent evidence that other naturally occurring substances have a similar 
action on capillary permeability. Among substances reported to have this 
property in laboratory animals are kallikrein (Szakall, 1934; Rocha e Silva, 
1940) kallidin, bradykinin, wasp kinin (Holdstock, Mathias & Schachter, 
1957) and 5-hydroxytryptamine (Rowley & Benditt, 1956). 

In the present experiments in human subjects with circulating dye (Evans 
blue) it has been found that wasp kinin, salivary kallikrein, kallidin and 
bradykinin are effective wealing agents on intradermal injection. Also, that 
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the size of the flare and the size of the weal produced by these substances do 
not run parallel. For example, kallikrein, which markedly increased capillary 
permeability, produced no flare, whereas 5-hydroxytryptamine which was an 
effective flaring agent failed to cause wealing or other evidence of increased 
capillary permeability. It is unlikely, therefore, that the release of 5-hydroxy- 
tryptamine is of significance in reactions involving wealing or angio-oedema 
reactions in man. 
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The vitamin B,,, folic acid and ascorbic acid content of human 
bone marrow cells. By W. T. Cooxz, E. V. Cox, R. Gappm, 
D. M. Marruews and M. J. Meyne.u. The General Hospital, and Depart- 
ment of Physiology, The Medical School, Birmingham 
For a better understanding of disorders of erythropoiesis, it is desirable to 
know the bone marrow content of certain haemopoietic factors. The work 
reported here was undertaken to establish normal values for vitamin By,» 
activity, folic acid activity and ascorbic acid in the marrow cells. 
TaBLE 1. The mean cell content of vitamin B,, activity, folic acid activity and ascorbic acid 
in twelve control subjects 


(The range is given in parentheses.) 


Concentration per unit volume of packed cells Content per million cells 
By, activity FF Ascorbic acid _B,, activity FFA Ascorbic acid 
(pg/ml.) (mpg/ml.) (mg/100 ml.) (pg) (mpg) (ug) 
12,000 347 13-1 25:8 0-60 0-24 
1,265 57 s.B. 0-83 3-1 s.B. 0-10 0-04 
(6,900-19,800) (95-726) (6-5-16-6) (9-9-44-0) (0-2-1-2) (0-11-0-46) 


Samples of 1-2 ml. of marrow were taken by needle puncture of the sternum 
from twelve volunteers—ten medical staff and students and two hospital 
patients in good general condition and without haematological abnormalities. 
The samples were heparinized, and centrifuged in Wintrobe tubes at 3000 rev/ 


_ min for 30min. After noting the volume of the layer of marrow cells, this 


was removed and the cells evenly suspended in 6-10 ml. of 0°85% saline. A 
nucleated cell count was made on the suspension, and the remainder was used 
for estimation of vitamin B,, activity with Lactobacillus leichmanw (Meynell, 
Cooke, Cox & Gaddie, 1957), folic acid activity (FAA) with Streptococcus 
faecalis by a modification of the method of Teply & Elvehjem (1945), and as- 
corbic acid by the method of Roe & Keuther (1943). Siliconed glassware 
was used in collecting the samples and making the cell suspensions. 
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The results are shown in Table 1; they are expressed as concentration per 
unit volume of packed marrow cells, and as content per million cells. The work 
of Wolff, Royer & Karlin (1951) suggests that 85-95% of the B,, activity 
represents true vitamin B,,. Comparison of the results with published data 
shows that the concentrations of B,, activity and FAA are several times higher 
in marrow cells than in peripheral white cells, though that of ascorbic acid is 
lower. The concentrations of B,, activity and FAA are only 2-3 % and about 
10% respectively, of those in liver. Consequently, it appears that the con- 
tribution of the bone marrow to the total vitamin B,, and folic acid and 
related substances in the body is relatively small. 
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The life span of sheep erythrocytes. By Exizasern M. Tucker. A.R.C. 
Institute of Animal Physiology, Babraham, Cambridge 


Hansard & Kincaid (1956), using *“Cr as a label, reported the average survival 
time for sheep red cells to be 50-60 days. However, it has been found (Drury 
& Tucker, 1958) that chromium elutes from sheep red cells to such an extent 
that results using *Cr are difficult to interpret. It seemed desirable, therefore, 
to determine the survival of normal compatible sheep erythrocytes by other 
methods. The results obtained using *Fe labelled cells have been compared 
with those using the differential haemolysis method (Hurley & Weisman, 
1954). 

Two sheep were bled heavily over a period of 2-weeks to stimulate erythro- 
poiesis and then each given an intravenous injection of 5 yc ®Fe in plasma to 
label the red cell precursors. By measuring the radioactivity subsequently 
present in the newly formed circulating red cells, their survival was followed. 
Intramuscular injections of an iron-dextran complex (Imferon, Benger 
Laboratories Ltd) were given to provide a pool of non-radioactive iron and 
thus to reduce any further incorporation of Fe into later formed red cells. 

The survival curves for *Fe showed two main phases. First a gradual slope 
during the first 120 days and then an abrupt fall. Similar curves for other 
animals have been obtained by Brown & Eadie (1953) and by Belcher & 
Harris (1958), who attributed the sharp fall to senescence of red cells and the 
gradual slope to random destruction of cells. 

The results given by the differential haemolysis method agreed with those 
obtained using Fe. The survival of red cells from different, compatible donors 
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was followed in four sheep, and in all cases the survival curves reached the time 
axis about 130 days after injection. The slope of elimination showed varying 
degrees of curvature, again suggesting that a random loss of cells occurs. 

From these results, it, can be concluded that the potential life span of sheep 
erythrocytes is about 130 days. Because the present data are so limited, no 
attempt has been made to calculate average red cell survival time; it will vary 
from animal to animal according to the extent to which random loss of red 
cells occurs. 

Sheep red cells with high or low potassium content (Evans, 1954) were 
found to have comparable life spans, and red cells from ‘HK type’ donors 
maintained their high potassium content when circulating in ‘LK type’ 
recipients. 
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The post-hypercapnic vasodilatation. By L. McArpiz and [.C. Roppix. 
Department of Physiology, The Queen’s University of Belfast 

During the inhalation of carbon dioxide (5-30) there is a decrease in fore- 

arm blood flow due to an indirect vasoconstrictor action. This is followed by a 

large increase in blood flow which lasts for about 1 min (McArdle, Roddie, 

Shepherd & Whelan, 1957; McArdle & Roddie, 1958). The present experiments 

were designed to investigate the mechanism of this increase in flow. 

The increase could not be explained by altéred perfusion pressure, therefore 
it was due to vasodilatation. It was not due to the altered pattern of breathing 
since the main part of the vasodilatation occurred after the ventilation had 
returned to normal. When the forearm circulation was arrested during a 
period of CO, inhalation the increase was not seen; if arrested for part of the 
period of CO, inhalation the dilatation was smaller than that in the control 
forearm. These findings suggested that it was due to a vasodilator substance 
arriving in the forearm during the period of inhalation. Arrest of the circula- 
tion for 1 min immediately after carbon dioxide inhalation was followed by a 
greater hyperaemia than that which followed a control arrest of the forearm 
circulation for 1 min. This suggested that the vasodilator substance was stable. 

The size of the vasodilatation was related to the rate of fall in alveolar 
CO,. A rapid fall in alveolar CO, occurs during voluntary hyperventilation 
and is associated with humoral vasodilatation in the forearm and vasocon- 
striction in the hand (Roddie, Shepherd & Whelan, 1957). However, the post- 
hypercapnic vasodilatation was not of this type, since vasodilatation occurred 
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in both forearm and hand. It is likely that the vasodilatation is due to the bi 
direct action of CO, on the peripheral blood vessels. Changes in the pH of the th 
effluent venous blood showed that CO, was still present in the forearm at a in 
time when the pH of the arterial blood had returned to normal. At this time cl 
the direct vasodilator action would not be opposed by the indirect vasocon a 
strictor action. 
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‘Blood -flow repayment’ during reactive and exercise hyperaemia. 
By W. E. Grover. Department of Physiology, The Queen’s University of 
Belfast 

Blood flow was measured in the forearms of four subjects before and after 
bilateral arrest of the arm circulation for 5 min. After release of the circula- 
tion reactive hyperaemia was allowed to proceed normally in the control fore- 
arm. In the other forearm, immediately the occlusion cuff was deflated the 
blood flow was prevented from rising above the resting level by digital com- 
pression of the brachial artery. When the brachial artery was released after 
5 min of such compression there was frequently no increase in blood flow and 
in those cases where an increase did occur it was small in comparison with the 
reactive hyperaemia in the control forearm. In similar experiments the blood 
flow. after 1 min of rhythmical forearm exercise was kept at the resting 
level for 5 min by the same mancuvre. Again, when the compression was 
removed the blood flow frequently did not increase. 

It was quite clear from these experiments that it is not necessary to have 
an increase in blood flow after circulatory arrest or exercise to ‘repay’ 
the ‘debt’ incurred during these procedures. It follows that no particular 
volume of excess blood is necessary to wash away the metabolites after a 
period of circulatory arrest or exercise and that the magnitude of hyperaemia 
might well vary with the prevailing state of the circulation. 


The effect of sodium salicylate on the respiratory and vascular 
responses to inhalation of carbon dioxide. By D. A. Buarr. 
Department of Physiology, The Queen’s University of Belfast 


Forearm blood flow was measured by venous occlusion plethysmography, 
arterial pressure by capacitance manometry and respiratory excursion by 
stethographs in three subjects, When 5° carbon dioxide in oxygen was 


+ 


SOCIETY, 5-6 DECEMBER 1958 . 39P 


breathed for about 15 min from Douglas bags through a valved mouthpiece 
there was a@ progressive increase in ventilation throughout the period of 
inhalation. Systolic and diastolic arterial pressures also rose. Forearm vas- 
cular resistance, calculated by dividing mean arterial pressure by mean fore- 
arm blood flow, was found to be increased in two out of three subjects. 

Sodium salicylate (4 g) was then given intravenously and the serum sali- 
cylate level rose to between 18 and 22 mg/100 ml. Ventilation was not 
appreciably changed in two of the subjects and in the third increased 
slightly. Arterial pressure was slightly increased in all subjects. 

When 5% carbon dioxide was breathed after the salicylate infusion the 
response of ventilation was considerably greater than before the infusion. 
However, the increases in arterial pressure and forearm vascular resistance 
during carbon dioxide inhalation were not greater after salicylate infusion 
than before. The results support the conclusion of Alexander, Spalter & West 
(1955) that salicylates increase the sensitivity of the respiratory system to 
carbon dioxide. However, with this concentration of salicylate there was no 
evidence that the vascular system showed a similar increase in sensitivity to 


carbon dioxide. 
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A simple method of measuring the rate of uptake of a stimulant by 
a plain-muscle or other preparation in vitro. By V. R. Pickzs. 
Department of Physiology, University of Sheffield 

This method is being used to determine the rates at which various human tissues 

in vitro take up or inactivate a lipoid plain-muscle stimulant described by 

Chambers & Pickles (1958). The results are relevant to the possibility that 

this stimulant is a hormone (Pickles, 1959). 

The standard Palmer organ bath is modified as shown in Fig. 1. It may be 
used in either of two ways. | 
(1) If the preparation being tested contracts in response to the stimulant, 
a known quantity of the latter is injected into tube A which contains the 
preparation. After a measured period, e.g. 10 min, the solution in A is passed 
into-C, and A is refilled with fresh suspending medium. This process may be 
repeated. The sensitivity of the preparation is checked if necessary, and then 
tube A is rapidly drained from below and refilled from C. The response is now 
commonly less than before, since some of the stimulant may have been taken 
up or inactivated by the preparation. Some may also have been inactivated 
by contact with the oxygenated suspending medium. This possibility must be 
tested by a control experiment, in which the stimulant is added first to B and 
passed thence via C into A. 
c2 
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(2) If the preparation being tested does not contract in response to the 
stimulant, it is placed in B and a preparation that does so respond is placed 
in A. The stimulant is added to B, and after a measured time is passed via C 
into A, where its activity is compared with that of similar quantities added 
directly to A. 
To 20 mi. syringe 


Rubber connexions 


- 
_- 


_ SRR 


Fig. 1. A, B, 10 ml. suspension tubes. C, 25 ml. reservoir. D, EH, inlet tubes for suspension 
medium. Parts not shown include the glass coils for the suspension medium, the oxygenation 


tubes, and a 20 ml. syringe by means of which the movements of the solutions into and out of 
C are controlled. | 


The first results obtained by these methods show that the endometrial 
stimulant of plain muscle is much more rapidly taken up or inactivated by 
human myometrium (the supposed target organ) than by human skeletal 
muscle. 
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The effects of chlorpromazine, thiopentone, amphetamine and 
D-lysergic acid diethylamide on conduction within an extra- 
lemniscal system in the brain stem of the cat. By A. J. Hance. 
Department of Experimental Psychiatry, The Medical School, Birmingham 15 

French, Verzeano & Magoun (1953) have demonstrated that anaesthetics 

block impulses conducted within the medial extralemniscal system, a region 

co-existent with that which is responsible for the maintenance of the wakeful 
state. It has been suggested that chlorpromazine exerts a depressant action 
on the arousal system at a brain-stem level (Bradley & Hance, 1957) and 
also. that amphetamine and p-lysergic acid diethylamide (LSD 25) produce 
their excitant effects by an action on receptors situated at the level of the brain 

stem (Bradley & Elkes, 1957). 

The experiments were carried out on cat preparations of the encéphale isolé 
type in which the spinal cord was transected at the C 1 level while the animal 
was under ether anaesthesia (Bremer, 1936). Single 1 msec rectangular pulses, 
4-10 V in amplitude, were applied once every 2 sec to the region of the nucleus 
reticularis slightly lateral and dorsal to the inferior olive by means of a con- 
centric bipolar electrode. These stimuli were insufficient to cause arousal in the 
normally sleeping preparation, Potentials were recorded from the nucleus com- 
missurae posterioris or occasionally from the central grey matter at the level 
of the superior colliculus and displayed on a cathode-ray oscilloscope. 
Measurements were made of the initial latency, peak latency and amplitude 
of the evoked response during one or more control periods and again after the 
administration of drugs. From a comparison of the means of each series the 
effects of the drugs were assessed. Latency measurements indicated that 
the fastest components of the recorded wave had a conduction velocity of 
1-0-3-0 m/sec while the peak of the wave was propagated at 0-5 to 0-95 m/sec. 

Thiopentone sodium (5 or 10 mg/kg) invariably produced a marked reduc- 
tion in amplitude of the evoked potential, whose latency was either unchanged 
or more usually increased, a finding in agreement with that of French e al. 
(1953). In contrast, chlorpromazine hydrochloride (0-1-10 mg/kg) caused only 
a slight diminution of amplitude and no consistent latency change. 

r-Amphetamine sulphate (0-8-5-0 mg/kg) caused a reduction in amplitude 

but with this drug the latency was decreased or remained unchanged. LSD 25 

(1-32 pg/kg) had no effect on latency and the amplitude of the evoked potential 

was either increased or was not significantly altered; only when high doses 

(20-30 ug/kg) had been administered was there a decrease in amplitude. 

* These experiments serve to distinguish between the depression produced by 
tranquillizers and that resulting from the administration of anaesthetics. The 
suggestion of a difference in the sites of action of amphetamine and LSD25 

(Bradley & Elkes, 1957) is supported by the present findings. 
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The effects of decreased oxygenation upon the isolated rat ventricle 
preparation. By A. Darsre and R. L. Speirs. Departments of 
Biochemistry and Physiology, King’s College, London, W.C. 2 


Oxygen consumption and contractions of electrically stimulated rat ventricle 
strips have been determined simultaneously by methods previously described 
(Darbre & Speirs, 1957, 1958). 


Decreased oxygen 


Minutes” 

Fig. 1. Record showing the effect of reduced oxygenation (between arrows) upon the contractions 
and Qo, of ventricle strip. The medium was a bicarbonate-free, phosphate saline solution 
buffered with 0-025 m 2-amino-2-hydroxymethylpropane-1:3-diol (TRIS) at pH 7-42. 


It has been found that during a short period of reduced oxygenation 
(10 min) the oxygen consumption (Qo,) was reduced and the amplitude of 
contractions was decreased (Fig. 1). When oxygenation was restored, the 
oxygen debt was rapidly repaid, but after this the Qo, remained higher than 
the previous control level. 

The cause of the maintained increase in Qo, after ‘anoxia’ is not known. It 
was considered of interest to study the production of lactic acid in anoxic 


‘ i 
. 
4 
‘ 
7 
} 
- 
4 
4 
16 
| 
10 


SOCIETY, 5-6 DECEMBER 1958 43P 


muscle and also the influence of NaCl and KCl upon the Q,,. The production 
of lactic acid was increased during and immediately after the period of reduced 
oxygenation. The addition of lactic acid to the medium did not alter the Qo,. 

No increase in Qo, was found until the KCl concentration in the medium 
exceeded 30 m-mole/l. Variation of the NaC] concentration (90-180 m-mole) 
was without effect upon the Q,,. 


Darbre, A. & Speirs, R. L. (1957). J. Physiol. 136, 3-4 P. 
Darbre, A. & Speirs, R. L. (1958). J. Physiol. 140, 1-2 P. 


Loss of potassium from isolated rabbit atria. By P. J. Gooprorp. 
Department of Pharmacology, University of Oaford 

It was observed by Biilbring & Burn (1949) that isolated rabbit atria ceased 
to contract spontaneously in an organ bath after 24-48 hr. The amounts of 
potassium in atria kept in the bath for different periods have now been deter- 
mined in an attempt to explain this effect (Table 1). Atria were dissolved in 
acid after measuring the wet weight :dry weight ratio, and the potassium was 
determined by flame photometry. 


TaBLE 1. Potassium determination on rabbit atria beating freely in Ringer-Locke solution 


at 35° C 
ity of 

Duration of Wet wt teimaadiinbe 
experiment Dry wt potassium 

1 min 6-20 167 

lhr 6-20 140 

48 br 6-75 73 

Until beating 57 

stopped (28-70 hr) 


The amount of potassium in the atria diminished as they continued to 
beat, falling rapidly during the first hour and then more slowly until the spon- 
taneous rhythm stopped. For each observation the intracellular potassium 
concentration was calculated using Rayner & Weatherall’s (1957) figure of 
44 ml./100 g wet weight for the inulin space. When the atria stopped the intra- 
cellular potassium had fallen to 57 millimolal. From this the potassium 
equilibrium potential was calculated as 60 mV; a figure to be compared with 
Marshall’s (1957) figure of 60 mV for the diastolic membrane potential below 
which pace-maker action potentials were no longer conducted. 

It was concluded that the diastolic membrane potential fell below 60 mV 
when the isolated atria ceased to beat. The action of acetylcholine in restoring 
the beat of exhausted atria (Biilbring & Burn, 1949) would then be due to an 
increase of membrane permeability (Harris & Hutter, 1956) and therefore of 
membrane potential. 
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Summary of the action of strychnine. By W. 8. McCuttocu. 
Massachusetts Institute of Technology 


Since inhibition by rise of threshold of neurones and by interaction of afferents 
has been demonstrated, it is realistic to construct diagrams employing both. 
Even with neurones receiving inputs from only two sources, the resulting 
twenty-four diagrams yield large numbers of nets of three neurones with the 
same output for the same input even when thresholds of all components 
shift together in either direction so that every neurone is computing a new 
logical function. Similarly, we can design nets to have any specific alteration 
of output for constant input. Hence, unless properties of the net and of the 
components are known it is not possible to infer from the effects of drugs on 
the output either the site or action of the drugs. | 


Strychnine has little or no action on the electrical threshold of motoneurones. 


It is said to raise thresholds of nerves. It has been called depressant, inhibitor, 
disinhibitor and stimulant. 

By examining functions where the circuit is known and testing the com- 
ponents separately, strychnine’s action in the spinal cord can be interpreted. 
It occludes Lloyd’s potentiation, prevents inhibition by dorsal root interaction, 
slightly retards and definitely augments the voltage of afferents in the cord 
and raises the threshold of afferent terminations tested by backfiring; this 
leads to one conclusion, consonant with its raising the threshold of peripheral 
nerve: namely, that it raises the voltage of axonal terminations to the maxi- 
mum obtainable by potentiation. Then it must enhance the inhibition of 
motoneurones by the bulbo-reticular system by hyperpolarizing the relaying 
internuncials which are afferent to motoneurones and which hyperpolarize their 
somata. In fact, bulbo-reticular inhibition can arrest a strychnine convulsion. 

Nauta’s anatomy of U-fibre termination and Bremer’s (1953) demonstra- 
tion of their inhibitory action perhaps explain the good fortune of Dusser de 
Barenne and McCulloch with strychnine neuronography of the cortex, but 
leave the direction of propagation undecided. 

Fibres from cortex to afferent relays (Chambers & Liu, 1958; Kuypers, 
1958), and proof of their inhibitory action (Hagbarth & Kerr, 1954) may 
explain Dusser de Barenne’s and McCulloch’s finding of strychnine spikes 
from the clivus to the cortex after thalmectomy—namely by antidromic dis- 
charge, demonstrated from the clivus to dorsal roots. Ezitus acta non probat. 
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The variation with age of the transmissivity of the living human 
crystalline lens. By F. 8. Sam and R. A. Weatz. Visual Research 
Division, Medical Research Council Ophthalmological Research Unit, 
Institute of Ophthalmology, London, W.C. 1 

The quantities of light reflected from the anterior and posterior surfaces of 

the lens can be measured photographically, and the fraction of light trans- 

mitted by the lens computed. When various monochromatic radiations are 
employed in turn a transmission spectrum is obtained. An examination of 
fourteen subjects ranging from 4 to 63 years in age showed that after the age of 

20 the density (= —log transmissivity) linearly increased with age. The slope 

of the lines varied inversely as the wave-length of light. The transmission 

spectra for the different ages are consistent with the view that the yellow 
colour of the lens is due to more than one factor. 

The fact that the lens transtnission does not appear to reveal an effect due to 
age before the 20th year throws interesting light on presbyopia. According 
to Duane (1922) the amplitude of accommodation decreases continuously from 
8 years of age onwards, yet the optical characteristics of the lens remain static 
during the initial stages of this accommodative senility. Ascribing the latter 
solely to lenticular sclerosis leads to an impasse. If, however, we recall that the 
lens continues to grow throughout life, the initial reduction in accommodation 
may well be ascribed to mechanical rather than biochemical causes. This 
view gains support from Fincham’s experiments (1955), who showed that 
convergence-induced accommodation agrees with the theoretical value of unity — 
up to the age of about 20, after which it suffers a progressive decline. 
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The effect of increased filling pressure on the rate of beating and 
on atrioventricular conduction in the heart. By W. R. Kgatiner. 
Medical Research Council Department of Experimental Medicine, University 
of Cambridge 

Increases in the filling pressure of isolated rabbit hearts first increased and 

later decreased their rate of beating. The stimulating effect was more marked 

at low and the depressing effect at high filling pressures. These findings are in 
general agreement with those recently reported by Pathak (1958), but differ 
in that the time course of the effects, particularly the depressing action of 

_ pressure, was often more prolonged in the present experiments than was 

reported by this author. 

It was further found that atria and ventricles which stopped beating after 
the sinu-atrial node and the atrio-ventricular bundle were tied off could always 
be restarted by an increase in filling pressure. The beat normally persisted, 
although at a decreased rate, after the pressure was lowered. 

In a few cases ventricular fibrillation was precipitated by an increase in 
filling pressure. In two of these fibrillation ceased when the pressure was 
lowered. 

Small increases in filling pressure sometimes improved, but large increases 
always depressed, atrioventricular conduction. When the pressure was sub- 
sequently lowered the conduction deteriorated further before improving. 
Changes in right atrial pressure were most effective in this respect, left atrial 
pressure having little effect on conduction. 


REFERENCE 
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Inhibition by y-globulins of passive sensitization in vitro. By 


J. L. Monear and H. O. Scamp. Unwersity 

College London 
When particles of chopped guinea-pig lung tissue are incubated at 38° C in 
Tyrode solution containing rabbit antiovalbumin serum they become strongly 
sensitized as indicated by their ability to release histamine when subsequently 
treated with ovalbumin. We have found that passive sensitization is inhibited 
by the presence of non-antibody y-globulin and by low temperatures, but is 
unaffected by metabolic inhibitors. 

The degree of passive sensitization, as measured by histamine release with 
antigen, increases approximately linearly with time and becomes maximal 
(histamine release 30-50% of tissue content) in 3-4 hr at 38°C. Passive 
sensitization also occurs at room temperature and even at 0° C but much more 
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slowly. The temperature coefficient is high with a Q,, of about 10 in the region 
of 30-37° C. Passive sensitization is not affected by metabolic inhibitors 
(azide 50 mM, cyanide 10 mm, fluoride 5 mm, dinitrophenol 2 mm), nor by 
calcium-chelating agents. 

Inhibition of passive sensitization can be produced with human, rabbit and 
guinea-pig y-globulins. When a concentration of y-globulin of about one- 
twentieth that present in normal serum was added to the incubation mixture 
it produced a noticeable inhibition of passive sensitization, the onset of 
sensitization being delayed by about 1 hr. When a concentration of y-globulin 
of the same order as that present in normal serum was used, passive sensitiza- 
tion was almost completely inhibited for at least 6 hr. y-Globulin can also pro- 
duce reversal of an already established sensitization. When passively sensitized 
lung tissue was incubated at 38° C with a 1% solution of human y-globulin 
the degree of sensitization was reduced by about 90% in 3 hr. 

The absence of effect of metabolic inhibitors suggests that sensitization of 
cells by antibody is a non-enzymic reaction in contrast to the anaphylactic 
reaction itself which appears to involve enzymic processes (Mongar & Schild, 
1957). The high temperature coefficient can perhaps be explained by the large 
entropy change involved in desorbing globulin from the cell surface before 
being replaced by antibody globulin. Such an exchange process has been 
suggested both by Biozzi,; Halpern and Binaghi (1958) and by Humphrey & 
Mota (1958). The finding that y-globulin inhibits sensitization and induces 
loss of sensitization supports the view that normal sensitization depends on 
a balance between uptake of antibody and non-antibody globulin by the cell. 
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Forearm blood flow after inunction of rubefacient substances. 
By J. M. Crismon*, R. H. Fox, R. Gotpsmrra and R. K. Macrnerson. 
Division of Human Physiology, National Institute for Medical Research, 
London, N.W.3 

The vasodilator and rubefacient properties of a benzyl ester of nicotinic acid 

and of capsicin, both common constituents of commercial rubefacient prepara- 

tions, have been studied in five adult male subjects using venous occlusion 
plethysmography to measure forearm blood flow. The vasodilator response to 
the nicotinic acid ester was further studied by cutaneous nerve block, local 


* Guggenheim Fellow, Stanford University, California, U.S.A. 
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and general heating and cooling. Measurements of blood flow, using the 
methods described by Edholm, Fox & Macpherson (1956), were first made 
simultaneously on both forearms without treatment and then again after 
the application of a test substance to one forearm, or, in some experiments, : 
test substances to both forearms. | 

The inunction of either active agent contained in a water-miscible base pro- 
duced reddening and a local sensation of warmth or burning, the sensation 
being more marked and sustained after capsicin and the reddening more 
marked after nicotinic acid ester. The burning sensation produced by capsicin 
was greatly enhanced by immersing the arm in hot water. Approximately 
2 g of 25% nicotinic acid ester cream raised the forearm blood flow from a 
mean value of 4-0 ml./100 ml. forearm/min (range 3-1-5-5) to 7-7 ml./100 
ml./min (range 4-5—9-2) in thirteen experiments, an increase of approximately 
half that produced by general body heating. In ten experiments 2 g of 
0-1% capsicin cream produced no definite increase in forearm blood flow. 

In five experiments to examine the effect of superimposing the active vaso- 
dilatation of general body heating one arm was treated with nicotinic acid 
ester and the other acted as a control. The blood flow increases due to the 
rubefacient and to the active vasodilatation of body heating were additive. 
The response to nicotinic acid ester was but little affected by moderate local 
cooling but extremely sensitive to the general vasoconstrictor reflex elicited by 
general body cooling. 

In three experiments, in which the nicotinic acid ester was applied after 
blocking the cutaneous nerves to the forearm skin with a local anaesthetic, a 
normal vasodilatation was elicited, showing that the response is not dependent 
on an intact peripheral nerve supply. However, the cutaneous nerve talock 
abolished the vasoconstriction of general body cooling. 

The rubor and burning sensation which can be elicited by capsicin without a 
rise in forearm skin blood flow serve to emphasize the unreliability of oan 
colour and sensation as indicators of increased blood flow. 
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A study on supersensitivity in denervated mammalian skeletal 
muscle. By J. AxeLsson and 8. Taesterr. Department of Pharmacology, 
Unwersity of Lund, Sweden 

The sensitivity of denervated muscles to acetylcholine (ACh) has been studied 

by ionophoretic micro-application of the agent to single muscle fibres in the 

isolated tenuissimus muscle of the cat. The membrane potential of muscle fibres 


was recorded with an intracellular electrode inserted close to the point of 
ACh application. 
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In the innervated muscle ACh produces membrane depolarization only when 
applied to the end-plate region of the muscle fibre. The area sensitive to ACh 
is small and occupies only a very limited part of the muscle membrane. 

In denervated muscles, however, the entire muscle membrane was found to 
be sensitive to ACh. Even 4 days after denervation localized application of 
ACh produced depolarization at spots distant from the end-plate region. One 
week after denervation the sensitivity of the muscle to ACh had increased 
and the whole muscle membrane was almost as sensitive as was previously 
only the end-plate area. At this time a brief pulse of ACh wherever applied 
on the membrane produced a depolarization of a similar magnitude and time 
course as when applied to the end-plate region of an innervated muscle. The 
ACh sensitivity of the muscle, as noted about 7 days after denervation, in- 
creased somewhat during the next week. 

The extension, after denervation, of the ACh sensitive region to embrace 
the entire muscle membrane appears a reasonable explanation of the super- 
sensitivity of denervated muscles to ACh. Further, it seems likely that the 
contracture produced by ACh in denervated mammalian muscles is due to this 
enlargement of the receptor area which allows ACh to depolarize the entire 
length of the muscle fibre. 


Properties of neurones in the dorsal horn of the spinal cord of 
_ the cat. By Curistine J. Anmerr, J. A. B. Gray and J. F. Pater. 
Department of Physiology, University College London 
The responses of 75 single units in the dorsal horn to single electrical shocks 
applied to the medial plantar nerve have been observed during the course of 
an investigation into the central analysis of receptor signals. These units could 
be excited by mechanical stimulation of the foot. 

Frequency distributions of the latencies from the arrival of the primary volley 
to the first impulse of the response showed two peaks; in the anaesthetized 
animal, the first occurred at 1 msec and the second at 2-6 msec with a break 
in the distribution at about 2 msec. In some experiments records of the dorsal 
root volley were obtained and its area was used as a measure of threshold. 
Among 24 units from anaesthetized animals, all 13 of the units which had a 
latency less than 2 msec had a threshold less than 30% of the maximum area 
obtainable, while of the 11 units which had latencies greater than 2 msec 
9 had thresholds greater than 30%. On this evidence it is considered justi- 
fiable to group the units into two classes; these would appear to parallel the 
second and third phases of the average dorsal horn response to electrical 
stimulation of cutaneous nerves (Fernandez de Molina & Gray, 1957; cf. 
Coombs, Curtis & Landgren, 1956). 
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The units of the short latency class were found to have a symmetrical and 
humped distribution along a dorsal to ventral line in the cord. The mean and 
6 of the 13 observations lay within 0-1 mm of the level at which the second 
phase potential was maximum (s.p. 0-27 mm). The units in the other class 
were more widely (s.p. 0-47 mm) and more uniformly distributed. A time- 
frequency distribution of all impulses from each of 30 units of the short latency 
class was similar in shape to a typical second-phase average potential. Thus 
both temporal and spatial distributions are comparable with the shape and 
site of the second phase of the average potential, and it is concluded that these 
units are those that give rise to this phase. 

Properties of second-phase units can now be ascertained both by direct 


observation of single units and by the behaviour of the whole population. The — 


single unit observations add the following points: the maximum response of 


a cell varied from 1 to more than 11 impulses (m=5-7, n =33); in the decere- | 


brate animal the mean latency was 0-75 msec (range 0-5— 1-2 msec, n= 10). 
These observations indicate that the activity of individual units can last as 
long as 15 msec and that there is a high degree of synchrony. The — 
latencies indicate that most if not all the units are second order. 
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Visual acuity, eye movements, and head-eye movement integration. 
By W. A. Crawrorp. Royal Air Force Institute of Aviation Medicine, 
Farnborough 

The ability to discriminate detail in moving objects has been the subject of 

recent original studies by Ludvigh & Miller (1949, 1953). The acuity of all 

subjects diminishes as target velocity increases. 
During visual pursuit of an object the eyes exhibit at varying intervals 

sudden sharp movements known as saccades (Dodge, 1903; Westheimer, 1954). 

In the present experiments the incidence of saccadic movements following 
initial pursuit eye movements rose from 30 to 70% or more as target angular 
velocity increased from 0°/sec to 100°/sec relative to the observer. These 
second saccades are considered to be evidence of failure to achieve fixation by 
the initial eye movement. This may be due to insufficient or inaccurate retinal 
information, failure of accurate prediction of the eye movement required, or 
mechanical failure of the oculomotor system to respond to the demand. 

The interval between the end of the first rapid eye movement and the 
beginning of the second may be considered as one of reassessment of the move- 
ment required of the eyes to achieve fixation. During this interval which may 
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be as short as 50-70 msec a new movement prediction must be made based on 
the error present, a new temporal pattern of muscular activity developed, and 
the signs of this activity shown by a change in the eye movement pattern. The 
estimated time for afferent volleys to reach visual cortex is 30-70 msec 
(Monnier, 1952). It is not unreasonable to assume that the more complex motor 
system will take at least as long. If these estimations of time through the 
nervous pathways are accurate, little time remains for integration of informa- 
tion from the retina into an eye movement pattern. A reassessment of the 
mechanism and the temporal characteristics of the oculomotor system appears 
necessary. 

The relationship of the free movements of the head and eye movements was 
also investigated. The latency of head movement is greater than eye movement 
latency by some 80-100 msec. The head rapidly attains a velocity reason- 
ably comparable to that of the moving object after an overtaking phase and 
trails behind the object by an arc varying from less than 5° to about 20° with 
object angular velocities of 50° and 100°/sec respectively. The head forms a 
stable moving platform and reduces the requirement for extensive extra- 
ocular muscular contraction and thus in theory would improve the ability to 
discriminate detail in moving objects. The results show that improvement 
obtained by increasing viewing time with the head free is substantially greater 
than when the head is fixed and viewing time increased. No improvement was 
noted when viewing times of 400 msec or less were utilized. 
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The effects of different temperatures on the responses of the 
Pacinian corpuscle. By D. R. Iyman and P. Peruzzi. Department of 
Physiology, University College London 

The effects of different temperatures on the responses of the Pacinian cor- 

puscle preparation (Diamond, Gray & Sato, 1956) have been investigated over 

the range 7-5-37° C. On cooling from room temperature (19°-22-5° C) the 
amplitude and rate of rise of the nervous impulse gradually decreased until, 
at 15°-16-7° C, it vanished ; there was also a steady increase in its total duration 
and its latency from the stimulus. At the temperature at which the impulse 
disappeared the amplitude of the receptor potential was still about four times 
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the threshold value at room temperature. Further cooling caused a steady 
decline in the amplitude and rate of rise of the receptor potential but did not 
abolish it. Heating above room temperature resulted in an increase in ampli- 
tude and rate of rise of the impulse and a decrease in its total duration and 
latency. In one preparation two impulses and two abortive impulses followed 
a single stimulus above 24° C; in another, three abortive impulses followed the 
first impulse above 26° C. 

In a typical experiment, on cooling from 17° to 11° C the recorded amplitude 
of the maximum receptor potential obtainable fell from 21 to 6-3 »V and its 
rate of rise from 21 to 3-2 1. V/msec. A steady value was obtained about 3 min. 
after a change of temperature; slower changes were sometimes observed. A fur- 
ther effect of cooling was that a larger stimulus was required to produce a 
receptor potential of given size. In contrast to the total duration of the im- 
pulse, that of the receptor potential remained constant on cooling. By abolish- 
ing the impulse, which normally obscures the receptor potential at room tem- 
perature, with procaine (Gray & Sato, 1953) it has been possible to observe 
the receptor potential at temperatures at which the impulse would normally 
be present. This method has not been successful over the full temperature 
range as the impulse, abolished by procaine at room temperature, reappeared 
at higher temperatures: there is some evidence, however, that the amplitude 
and rate of rise of the receptor potential continued to increase with temperature 
up to 32°C. The decreased duration of the impulse at higher temperatures 
revealed the falling phase of the receptor potential. Records obtained under 
these conditions showed that the constancy of duration of the receptor poten- 
tial observed on cooling is also found at higher temperatures. On the evidence 
so far obtained, it is already clear that the changes which occur in the receptor 


potential with changing temperature are different from those which occur in 
the impulse. | 
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Action of radioprotecting substances on the body temperature 
of the mouse. By Z. M. Bacg and Suzanne Liesecg-Hutrer. 
Laboratories of General Pathology and Civil Security, University of Liege 

Hope (1958) has observed that all the radioprotective substances tested by 

him are sedative and produce hypothermia in mice; some substances 

(chlorpromazine and Mg(l,) lower the body temperature but do not protect 

against X-irradiation. 

We have studied in C57 black mice (about 20 g weight) the effect on rectal 
temperature (measured by the Electric Universal Thermometer type TE3, 
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Elektrolaboratoriet, Copenhagen) of a variety of chemical protectors. Room 
temperature was about 22-23° C. As far as the action on body temperature is 
concerned the substances (injected intraperitoneally) may be classified in 
groups. 

(1) Cysteine (HCI) 0-28 and 1-2 g/kg has very little action. 

(2) Cysteamine (0-15 g/kg), sodium diethyldithiocarbamate (0-34 g/kg), 
5-hydroxytryptamine (0-2 g/kg) induce a rapid, deep, but transient hypother- 
mia, 3-4°C every 10 min downto a minimum of 27°C; normal temperature 
is restored in about 3-4 hr with diethyldithiocarbamate and in 8-24 hr with 
cysteamine and 5-HT. There is no relation between hypothermia and protec- 
tion against X-irradiation, the latter being maximal immediately after injection 
and having disappeared (in the case of cysteamine) 60 min after injection. 

(3) Sodium fluoroacetate, chlorpromazine and reserpine induce a slow, deep 
(22-24° C) and prolonged hypothermia (1-4 days). In the case of fluoroacetate 
protection against X-irradiation is maximum 5 hr after injection, when body 
temperature is lowest and when citrate accumulation in the tissue is highest 
(Bacq, Fischer, Herve, Liebecq & Liebecq-Hutter, 1958). A slight protection 
against X-rays has been observed 4 hr 30 min after chlorpromazine injection, 
when body temperature is lowest. Slight protection has been observed by 
Langendorff, Melching, Langendorff, Koch & Jaques (1957) 12 hr after reser- 
pine injection. Thus, for these substances, there is a temporal relation between 
hypothermia and protection. Hypothermia does not explain radioprotection. 
Decrease of oxygen tension in the tissues might be the cause of radioprotec- 
tive action of histamine or adrenaline (van der Meer, van Bekkum & Cohen, 
1958) but not of cysteamine and the majority of chemical protectors. We do 
not suggest that the free radical hypothesis proposed by Alexander, Bacgq, 
Cousins, Fox, Herve & Lazar (1955) for cysteamine and other amines can be 
applied in the case of fluoroacetate, chlorpromazine or reserpine; this 
hypothesis however still provides the best interpretation of the most 
powerful radioprotectors like cysteamine, AET, etc. (Hollaender, 1958). 
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The effect of varying concentrations of glycerol on the weight of 
isolated rabbit kidney slices. By C. E. Hucarns. Division of 
Experimental Biology, National Institute for Medical Research, Mil Hull, 
London, N.W.7 


Pre-treatment with glycerol protects living cells and tissues of many kinds 
against the lethal effect of freezing and thawing (Parkes, 1957). Initial 
attempts to transplant dog kidneys that had been perfused with progressively 
increasing and decreasing concentrations of glycerol in Tyrode solution were 
unsuccessful owing to massive renal swelling and cortical necrosis. In vitro ex- 
periments were carried out to study the process of renal swelling and to develop 
a method for perfusing glycerol into and out of kidneys with the ultimate 
object of storing them in the frozen state for later transplantation. 

Slices of rabbit kidney cortex ranging in weight from 50 to 100 mg, with a 
thickness of 0-5 mm, were immersed in various solutions. No change from the 
control wet weight was found for pieces bathed in oxygenated rabbit blood, 
horse serum, or Tyrode solution. A rapid increase to 112-115% of the con- 
trol weight was found for similar slices in unoxygenated horse serum and 
Tyrode solution. The solutions in all subsequent experiments were therefore 
oxygenated. | 

The weights of kidney slices placed in 5% or 15% glycerol in Tyrode 
solution fell quickly, stabilizing within 20 min. After 50-80 min in the glycerol 
solutions the pieces gradually increased in weight and finally equilibrated at a 
weight greater than at the start of the experiment. Changes were more marked 
with the higher than with the lower concentration of glycerol. 

When slices were transferred at the time of minimum weight (80-84%) 
from 15% glycerol in Tyrode solution to heparinized rabbit blood, their 
weights increased within 20 min to 115-119 % of the control weight. Three and 
one-half hours later they equilibrated at the control weight. This striking rise 
could be checked if the pieces stayed in blood for 10 min and were then moved 
to 20% sucrose in Tyrode solution. When replaced in blood 10 min later 
the slices neither gained weight as rapidly nor for as long a period as those 
left in blood throughout. Final results were not improved by transferring the 
pieces directly from the glycerol to the sucrose solution. 

Some such technique of removing the glycerol without causing parenchymal 
swelling will be essential if a good local blood supply is to be restored to the 
nephrons after transplanting the organ. 
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Simple and compound mammalian muscle spindles. By I. A. Boyp. 
Institute of Physiology, University of Glasgow 

In a previous communication (Boyd, 1958a) it was shown that muscle spindles 
in the cat contain two distinct sizes of muscle fibre, and it was suggested that 
they were functionally different. In addition to the well-known annulo- 
spiral and flower-spray endings, and discrete end-plates, a further diffuse type 
of ending was described, found exclusively on the small muscle fibres, usually 
towards the spindle poles, but sometimes extending along their entire length. 
A similar arrangement exists in human spindles (Cooper & Daniel, 1956). 

Nerve degeneration experiments have now been carried out in which muscle 
spindles of the cat hind limb were examined 3-7 days after removal of 
segments of either dorsal or ventral spinal roots L6, 7 and 81, 2, and some- 
times L5 in addition. Both gold chloride (Gairns, 1930) and methylene blue 
(Boyd, 19586) techniques were used. The segments of root removed were 
examined histologically to check that the required motor or sensory denerva- 
tion was complete. Two types of diffuse endings have been found on the 
small intrafusal muscle fibres, one remaining after dorsal, and the other after 
ventral, root section; they differ in detailed structure, but it is too early to 
say whether the differences seen are characteristic. 

Thus, the following picture has emerged. Muscle spindles are of two types, 
simple and compound. Simple spindles contain muscle fibres which vary 
somewhat in size, but which do not fall into two distinct groups; they have 
@ primary (annulo-spiral) sensory ending and discrete motor end-plates to- 
wards both poles; they do not contain either secondary sensory endings or 
diffuse motor endings. Compound spindles contain muscle fibres of two 
distinct sizes which have common primary sensory and diffuse motor endings. 
Compound spindles contain muscle fibres of two distinct sizes, which have 
a common primary sensory ending. Secondary sensory innervation occurs 
on the small fibres almost exclusively, and varies from a single spray to 
multiple endings covering most of the length of the small muscle fibres. The 
motor innervation on the small fibres ranges from very small plates, often 
near the nuclear region, to long narrow plates, and in the most complex 
spindles to a diffuse network covering the fibres almost from end to end. 
The large intrafusal fibres always have discrete motor end-plates well towards 
the spindle poles. 

Preliminary electrophysiological experiments on isolated spindles suggest 
that the large muscle fibres with typical end-plates are twitch fibres similar to 
those found in tonic muscles such as the soleus (low twitch fusion frequency), 
and that the small fibres with the diffuse motor endings are capable of graded 
contraction. The motor fibres to both types appear to have conduction velo- 
cities within the y range. In this connexion the finding by Pascoe (1958) of 
two types of discharge in y axons in the rabbit is of interest. 
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Myocardial injury and recovery times after experimental coronary 
occlusion at different temperatures. By G. R.Granam. Research 
Department of Anaesthetics, Royal College of Surgeons of England, London, 
W.C.2 

An attempt has been made to evaluate in vivo the degree and manner of 

functional response of the myocardium to ischaemia at different body tempera- 

tures. 

In artificially ventilated young dogs anaesthetized with pentobarbital 

sodium (30 mg/kg), and with the thorax opened, the anterior descending 

ramus of the left coronary artery was occluded for 8 min at body temperatures 
ranging from 37 to 20°C. A wick electrode recorded electrocardiographic 

(e.c.g.) changes directly from the portion of the heart supplied by the 

occluded artery. Changes in the 8-T and T waves, which followed fixed 

sequences both after the onset of coronary occlusion and on its release, were 
timed at frequent intervals in the same animal as it was cooled in an ice bath 
and subsequently rewarmed. 

It was found that the onset of e.c.g. signs of myocardial injury following 
coronary occlusion (‘injury time’) was progressively delayed as the body tem- 
perature fell. The advent of the maximal injury effect was similarly postponed. 
The time interval after the release of the occlusion until the control e.c.g. 
pattern was restored (‘recovery time’) either remained unaffected or slightly 
decreased on cooling to a body temperature of 31-28° C; below this range 
recovery time tended to increase again to values which often greatly exceeded 
those of the control period at normal body temperature. 
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Aqueous humour, chemistry and rate of 
turnover of (bush baby), 433 

Arterial pulse wave, reflexions as cause 
of ‘peaking’ of (dog), 29P 

Atria, potassium loss from isolated (rabbit), 
43 P, 22] 

Atrial pressure, respiration effect on left 
and right (dog), 482 

Atropine, salivary gland oxygen con- 
sumption with nerve stimulation affec- 
ted by (cat), 558 

Autoradiography, skeletal muscle nucleo- 


Barium, sodium-deprived B and C nerve 
fibres affected by (rabbit), 562 

Benzylamine oxidase, plasmas containing 
(mammal), 387 

B-hydroxy-y-aminobutyric acid, inhibi- 
tory action in nervous system of (dog), 
570 

Bicarbonate, carbonic anhydrase and 
renal reabsorption of (man, dog), 277 

a? concentration of (bush baby), 


Bictesiiet tubes, theory of transfer of 
solutes in moving fluid in, 14 

Body fat, hypothalamic lesions in para- 
biosis effect on (rat), 347 

Body temperature, radioprotecting sub- 
stances action on (mouse), 52 P 

Body weight, hypothalamic lesions in 
parabiosis effect on (rat), 344 

Bone marrow cells, vitamin B,,, folic acid 
and ascorbic acid content of (man), 35 P 

Brain, 8-hydroxy-y-aminobutyric acid pre- 
sent in (rat), 571 

Brain stem, drugs action on conduction 
within extralemniscal system in (cat), 
41P 


xviii 

: Antidromic transmission, giant motor 

; synapses and (crayfish), 303 

Apparatus. Blood flow and blood pressure 

7 recording (T), 4P 

Controlled movements of retinal image, 

100 


SUBJECT INDEX xix 


dynamics mediation by (dog), 116 
Cat, i preparations 
17P 


ae erythrocytes’ exchange of (man), 


Cerebral cortex, electron microscopy of 
dendrites and axons of, 25P 

Cerebrospinal fluid, tilting head up 
effect on pressure in cisterna magna of 
(dog), 9P 

Chest volume, air flow and kins 


Chranchid squid, buoyancy of (T), 56P 
Chromaffin tissue, pilo-erection by nico- 
tine and (cat), 19P 
Cold, reactive and exercise hyperaemia in 
forearm affected by (man), 241 
Colostrum, plasma volume and 
tion of new-born affected by (pig), 547 
Convulsants, spinal inhibition affected by 


Crossed stretch reflexes, muscle tension 
effect on (cat), 193 

Cutaneous afferent fibres, pain-producing 
chemicals effect on activity of (cat), 28P 

Cyanide, respiration in new-born affected 
by (rabbit), 88 


Decerebration, pulmonary oedema de- 
velopment after (guinea-pig), 377 
Defence reactions, amygdala 
giving (cat), 253 


renal function affected by og Pa 
Dipeptides, intestinal absorption of 
dog), 48 
Direct current, ampullae of Lorenzini 
response to temperature change and to 
stimulation by (Raja clavata), 1 


Electric time constant, measurement of 


pressin effect on (man), 12P 


effect on intercellular volume of centri- 
fuged (man), 658 
cation of (man), 641 
life span of (sheep), 36 P 
Evans Blue, intercellular volume of centri- 
fuged erythrocytes by (man), 660 
Excitability, time course of 
membrane (cat), 522 
Excitatory post-synaptic potential, af- 
ferent nerve section effect on (cat), 206 
time course of (cat), 529 


minimum flux of energy 


Foetus, histamine formation by (man, rat), 
30P 
hypoxic 


Forebrain, affective reactions representa- 
tion in (cat), 251 

Frog retina, ‘narrow-band’ pigment in, 
639 


y-aminobutyric acid, ae motor fibre 
. affected by (crayfish), 332 

inhibitory action of £-h ~y-amino- 

butyric acid compared with (dog), a 


from pyloric antrum of (dog), 14P 
Giant motor fibre, slow post-synaptic 

potentials recorded from (crayfish), 326 
Giant motor — transmission at 

(crayfish), 289 


bradycardia response to adrena-— 
line affected by age of (guinea-pig), 6P 


Carbonic anhydrase, renal reabsorption Electrolyte metabolism, factors affecting q 
of bicarbonate and (man, dog), 277 (lizard), 37 | 
Carotid body chemoreceptors, heart Electronic potentials, giant motor : 
rate affected by hypoxia action on synaptic transmission of (crayfish), 305 
(dog), 440 Erythrocytes, albumin and other media 
Carotid sinus, adrenaline and _nor- 
adrenaline effect on _— haemo- 
rcise, cold effect on forearm hyper- 
. aemia following (man), 245 
xercise hyperaemia, ‘blood flow repay- 
Choline acetylase, gill plates containing ment’ during (man), 38 P 
(Mytilus edulis), 33 P temperature effect on (man), 447 
Extra-ocular muscle spindles, sensi- 
tivity to stretch of, 15 P 
Eye, accommodation fluctuations under 
steady viewing conditions of (man), 579 
<etectable by 
(man), 369 
vision affected by controlled movements 
of (man), 98 
cat), 187 
Coronary occlusion, myocardial injury Factor I, plain muscle preparations affected 
and recovery times at different tempera- by (various), 66 
tures after (dog), 56P Foetal heart rate, electrical recording in 
Dextran, glucagon and insulin action of 
‘anaphylactoid’ reaction induced by 
(rat), 667 
(various), 66 
y-efferent spindle system, drugs effects 
on (man), 12P 
y-globulins, inhibition of passive sensitiza- 
tion in vitro by (mammal), 46 P 
Gastrin, sham feeding effect on release 
motoneurone membrane (cat), 515 
Electrolyte excretion, oxytocin and vaso- 


XX 
Gill plates, choline acetylase in (Mytilus 


Haemactorit, albumin and other media 
effect on value of (man), 658 
» velocity constant k, of 
(sheep), 32 P 
bins, kinetic studies of electro- 
Hand blood flow, mental arithmetic 
effect on (man), 5P 
Hand vasodilatation, pyrogen effect on 
radiant heat induced (man), 77 
Head’s paradoxical reflex (rabbit), 27 P 
Heart, filling pressure effect on rate of beat 
and A—V conduction in isolated (rabbit) 


rat), 30P 


storage granules of (dog), 473 
Hyperpolarization, excitatory post-synap- 
tic potential during (cat), 539 
stimulation, conditioned 
defence reaction on basis of (cat) (T), 


I band, c localization of 
166 


course of (cat), 529 


SUBJECT INDEX 


y valve, solenoid - 
iP 

Insulin, dextran ‘anaphylactoid’ reaction 
affected by glucagon and (rat), 667 

Insulin hypoglycaemia, atropine effect on 


Kidney, stilboestrol effect on (dog), 225 
thioureas cxcretion by (dog, man), 22 
Kidney slices, glycerol concentration 

effect on weight of isolated (rabbit), 54 P 


Lens, age variation of transmissivity of 


living (man), 45P 
, erythrocytes’ sodium affected by 
(man), 648 
Lobeline respiration affected by (rabbit), 89 
Lung pressure, air flow and chest volume 
relationship to (man), 462 


Methionine, histidine competition in in- 
testinal absorption of (rat), 59 

Methyl diethylithiourea, urine flow rela- 
tion to clearance of (dog), 29 

Methyl thiourea, urine flow relation to 
clearance of (dog, man), 26 

Miniature chart recorder, 21 P 

Mitochondria, 5-HT storage granules and 
(dog), 473 

Motoneurone, time courses of i i 
and excitatory synaptic actions at (cat), 


following (dog), 573 
r nerve, acetylcholine effect on re- 

generating (rabbit), 623 

Motor systems, frequency of fluctuation 
in different (man), 590 

Muscle blood flow, venous temperature 
indicator of (cat), 20P 

Muscle fibres, 


Glomerular filtration rate, stilboestrol 
id’ re- 
action affected by insulin and (rat), 667 hand af eae blood flow during 
z Growth, hypothalamic lesions in . (man), 15 
lodide, salivary glands concentration of 
| (mammal), 595 
46P 
fused (rat), 266 
Heart rate, hypoxia action on carotid body 
chemoreceptors effect on (dog), 440 Membrane resistance, spinal moto- 
’ sympathomimetic amines action on (dog neurone (cat), 509 
H-L), 10P Mescaline, amine oxidase action on 
Hensel needle, tissue blood flow changes (mammal), 388 
measurement by modified (T), 4P Metamorphosis, oxygen consumption 
Hexamethonium, isolated perfused heart during (amphibia), 353 
affected by (rat), 272 
Hippocampus, affective reactions repre- 
sentation in (cat), 257 
Histamine, foetal formation of (man, 
affinity for (pi 
methionine compel 
testinal absorption of (rat), 59 
529 
Motoneurone membrane, electrical con- 
stants of (cat), 505 
23P Motor cortex stimulation, §-hydroxy- 
Hypothalamus, parabiosis and effect of y-aminobutyric acid action on seizure 
lesions in (rat), 336 
Hypoxia, heart rate affected by carotid 
body chemoreceptors stimulation by 
(dog), 440 
Infusion apparatus, 2 P skeletal and cardiac (frog), 4P 
Inhibitory post-synaptic potential, time Muscle spindles, single and compound 
(cat), 55P 
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Nerve, acetylcholine effect on normal and 
regenerating (rabbit), 611 
Nerve fibres, barium effect on sodium 
deprived B and C (rabbit), 562 
Nerve-impulse transmission, rectifier in 
giant motor synapse (crayfish), 316 
New-born, anoxia, temperature and 
breathing in (rabbit), 12P 
colostrum effect on plasma volume ond 
composition of (pig), 547 
reflex respiratory activity in (rabbit), 85 
spermine oxidase i in plasma of (goat), 127 
nerve affected by 
(rabbit), 617 


respiration affected by (rabbit), 88 
Noradrenaline, pulmonary blood fiow 
affected by (dog), 108 


Ophthalmoscope, fiying-spot (T), 4P 
Oxygen consumption, metamorphosis 
effect on (amphibia), 355 
Oxygen debt, salivary gland and (cat), 556 
Oxygen tension, covered platinum elec- 
trode in measurement of, 20 P 
polarographic measurement of (T), 3P 


Pacinian 
responses of, 
Parabiosis, hypothalamic lesions effect in 
(rat), 336 
oedema induced ha vagotomy 
affected by (guinea-pig), 380 
iodide concentration by 


pH, serum amine oxidase activity affected 
by (pig), 393 

Pilo-erection, chromaffin tissue and nico- 
tine stimulation of (cat), 19P 

Plain muscle, Factor I and y-aminobutyric 
acid effects on (various), 66 

measurement of rate of uptake of stimu- 

lant by, 39P 

Plasma, amine oxidases of (mammal), 384 

Plasma bicarbonate, acetazolamide effect 

Plasma electrolytes, seasonal variation 
in (lizard), 41 

Platelets, 5-HT adsorption by (men), 8P 

Positive pressure ventilation, right and 
left atrial pressures affected by (dog), 
487 

Post- pituitary, stilboestrol action on renal 
function and (dog), 231 

Post-pituitary hormones, antidiuretic 
action of (lizard), 42 : 

Post-synaptic potentials, giant motor 
synapses and (crayfish), 297 


Post-synaptic potentials, time course of 
excitatory and inhibitory (cat), 529 

Post-tetanic potentiation, afferent nerve 
section effect on central synapses’ (cat), 


206 
easily exchange- 


Potassium, 
eble (man), 644 
isolated atria loss of (rabbit), 221 
movements in single muscle fibres of 


_ (frog), 405 
Pota fl stimulation effect on 
single muscle fibre (frog), 419 


Pulmonary haemodynamics, adrenaline 


Pulmonary oedema, central mechanisms 


radiant heat affected by (man), 77 


Radiant heat, pyrogen effect on hand 
vasodilator response to (man), 77 
Reactive hyperaemia, ‘blood flow repay- 

ment’ during (man), 38 P 
cold effect on forearm (man), 243 


Regenerating nerve, acetylcholine effect 
on (rabbit), 617 
Renal excretion, theory of solute transfer 
applied to, 16 
Respiration, air flow, resistive pressure 
and chest volume relationship in (man), 
462 
reflex effects in new-born on (rabbit), 85 
right and left atrial pressures affected by 
(dog), 482 
Retina, ‘narrow-band’ pigment in (frog), 


630 
Retinal image, vision with controlled 
movements of (man), 98 


flow after inunction of (man), 47P 
Ruminants, spermine oxidase in plasma of, 
125 


Salicylate, respiratory and vascular re- 
sponses to CO, inhalation affected by 


(man), 38P 

Salivary gland, iodide concentration by 
(mammal), 595 

Salivary secretion, oxygen of sub- 
maxillary gland during (cat), 553 


involved in (guinea-pig), 374 
Pupil diameter, accommodation fluctua- 
tions under steady viewing conditions 
affected by (man), 584 
Recording unit, ultra-violet light source 
and immediate visible record from (T), 
4P 
(mammal), 600 
Peptides, intestinal absorption of (rat, 
dog), 48 
Rhythmic exercise, temperature effect on 
hyperaemia induced by (man), 451 
Rubefacient substances, forearm blood 


Sartorius, radioactivity uptake from ™“C- 
Sensory nerve, acetylcholine effect on 
normal and regenerating (rabbit), 613 
ATP liberation on antidromic stimulation 
of (rabbit), 494 
Skeletal muscle, autoradiographic locali- 
zation of adenine nucleotide in (frog), 
132 
contralateral motoneurones’ 
affected by stretch of (cat), 193 
Na and K movements in single fibres of 


twitch speed registration by local pressure 
_ @hanges in (man) (T), 3P 
Skin, radiosodium disappearance from 
sensitized (guinea-pig), 11 P 
system sensitive to X-rays and insensitive 
to oxygen effect in (mammal) (T), 31 P 
weal and flare produced by histamine and 
. Other substances in (man), 34P 
Skin stimulation, ATP release with 
(rabbit), 499 
Skin temperature, subjective sensations in 
Antarctica relation to (man), 26P 
Slow post-synaptic potentials, giant 
motor fibre giving (crayfish), 326 
nese erythrocytes exchange of (man), 


movements in single muscle fibres of 
(frog), 405 
Sodium excretion, stilboestrol effect on 
(dog), 229 
Sodium fluxes, stimulation effect on 
single muscle fibre (frog), 410 
Sodium lack, barium effect on B and C 
nerve fibres subjected to (rabbit), 562 
Soft palate, iodide concentration by glands 
of (mammal), 600 
transfer, moving fluid in biological 
tubes and theory of, 14 
oxidase, species difference in 
content in plasma of (mammal), 124 
Spinal cord, properties of neurones in 
dorsal horn of (cat), 49 P 
Spinal cord motoneurone, electrical con- 
stants of membrane of (cat), 505 
strychnine and other drugs action on 
inhibition of (cat), 175 
Spinal cord potentials, strychnine action 
on (cat), 179 


Spinal cord section, p oedema 


dependence on level of (guinea-pig), 377 
Stellate ganglion, pulmonary vasocon- 
strictor fibres in (cat), 16P 
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Stilboestrol, renal activity affected by 
(dog), 225 

Stretch receptors, intramuscular propa- 
gation of sensory impulses from (cat), 


summary of action of, 44P 

Sublingual gland, iodide concentration 
by (mammal), 600 

Submandibular iodide concentra- 
tion by (mammal), 600 

Submaxillary gland, gaseous metabolism 
of normal and denervated (cat), 551 

Succinic dehydrogenase, 5-HT storage 
granules and (dog), 475 , 

Superimposed recording, electrical vol- 
ume and pressure changes (T), 4P 

Synapse, afferent nerve section effect on 


Tadpole, oxygen consumption during 


Temperature, of Lorenzini 
and by change in (Raja clavata), 1 
exercise hyperaemia affected by (man), 
447 
oxygen consumption during metamor- 
phosis affected by (amphibia), 359 
Tetanus toxin, spinal motoneurones in- 
hibition affected by (cat), 184 
Thioureas, renal clearance of (dog, man), 


Thyroxine, oxygen consumption during 
metamorphosis induced by (amphibia), 
358 

Timed airway resistance (man), 459 

Trimethylithiourea, urine flow relation to 
clearance of (dog, man), 26 

Tritium, skeletal muscle labelling with ade- 
nine containing (frog), 144 

Trumpet playing, circulatory effects of 
(T), 3P 

Tubocurarine, site of action on injection 
into cerebral lateral ventricle of (cat), 
23P 

spinal motoneurones inhibition effected 

by (cat), 186 


xxil 
9 Stretch reflex, contralateral muscle tension 
P effect on (cat), 193 
Stria terminalis, affective reactions on 
stimulation of (cat), 253 
4 Strychnine, spinal motoneurones inhibition 
4 affected by (cat), 176 
i (frog), 405 
supersensitivity in denervated (mammal), 
48P 
' temperature effect on contraction of 
(man), 453 
central (cat), 204 
3 current-voltage relationship in giant 
: motor (crayfish), 308 
Synaptic-rectifier hypothesis, giant 
i motor synapses and (crayfieh), 306 
metamorphosis of (amphibia), 353 
22 
| Thoracic duct, pressure waves in (man) 
| (T), 3P 
| 
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Urine flow, thioureas clearance relation to 
(dog, man), 25 


Vagotomy, pulmonary oedema induced by 
(guinea-pig), 374 

Vagus nerve stimulation, isolated oper: 
fused heart affected by (rat), 266 

Vasodilatation, post-hypercapnic (man), 
37P 

Venous temperature, muscle blood flow 
index by (cat), 20P 

Ventricle, oxygenation decrease effect on 
isolated (rat), 42P 

Vision, accommodation fluctuations under 
steady viewing conditions in (man), 579 

controlled movements of stabilized retinal 

image effect on (man), 98 


Vision, minimum flux of energy detectable 
in (man), 369 

Visual acuity, eye movements and head-eye 
movement integration in (man), 50P 

Visual pigment, ‘narrow-band’ (frog), 
630 

Vitreous humour, chemistry and rate of 
turnover of (bush baby), 433 


Water diruesis, stilboestrol effect on (dog), 
227 

Water metabolism, 
(lizard), 37 

White blood cells, histamine sensitivity of 
guinea-pig’s ileum reduction by extract 
of (T), 23P 


factors affecting 


a 
ary 
fi 


